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Abstract

Abstract
Discrete element modelling is gradually becoming more popular as a validation tool by
industry to simulate bulk flow in bulk material handling and processing equipment.
Although discrete element method (DEM) is a popular numerical method in academia to
model the complex interactions in particle systems, the demand for the application of
DEM to industrial problems is high. The use of DEM simulations to evaluate the flow
of bulk materials through belt conveyor transfer points is popular to assist designers to
trouble-shoot and quantify the functionality of a design. DEM does not directly design
bulk material handling and processing equipment or replace design know-how but DEM
simulation is an alternative approach to model particle flow that has traditionally been
analysed using analytical methods, empirical design rules and scale model physical
prototyping. Calibrated DEM simulations provide additional confidence of the
performance of equipment and improve the efficiency and life of equipment due to the
significant amounts of quantitative data available to provide insight into the complex
physical interactions that occur.

Recently there has been a growth of available commercial DEM programs such as
EDEM®, which has been utilised in this study, but calibration and validation of DEM
simulations still requires further investigation to adequately characterise and model
cohesionless and cohesive bulk materials with realism. Insufficient calibration of DEM
models can lead to unrealistic predictions making DEM a misleading design validation
tool and may lead to poor performing equipment that can be costly to repair.

The purpose of this research was to develop techniques to calibrate DEM models based
on physical bench scale tests which reproduce the bulk flow behaviours to be modelled
on a larger industrial scale. Cohesionless and cohesive bulk materials including
polyethylene pellets, coal and bauxite were examined to characterise and develop a set
of realistic particle-to-particle and particle-to-boundary interaction parameters for DEM
simulations. The accuracy of the characterisation and calibration procedures were
examined by modelling the impingement of polyethylene pellets against a flat impact
plate using a novel conveyor transfer research facility where experimental quantitative
and qualitative data was compared against the DEM simulations and analytical methods.
i
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Additional to the latter experimental test program, DEM simulations were conducted on
a large scale industrial transfer point to model the flow of wet and sticky bauxite where
results from the DEM models were evaluated against the limited quantitative
information measured and observations from an existing transfer station.

The aim of this thesis was to provide industry with some validated techniques to
develop a calibrated DEM model to simulate the flow of bulk materials through
complex transfer points and examine the accuracy of the predictions and limitations of
DEM. It has been found that some DEM parameters are sensitive, especially when
modelling cohesive materials using a simple linear cohesion and the more complex
Johnson, Kendall and Roberts (JKR) contact model requiring careful selection of
contact values.

Analytical methods to evaluate the flow and trajectory of bulk material against a flat
impact plate and through a straight and curved chute have been evaluated to verify the
DEM predictions and experimental results. As the analytical methods are based on a
2-D analysis of flow or lumped mass analogy, limitations of the analytical methods to
predict complex 3-D flow were discovered in this research that are frequently used by
industry.

The thesis also investigates the measurement of wall friction angles between a bulk
material and wall surface using the standard Jenike direct shear tester and a novel large
scale wall friction tester (LSWFT) to examine the scale-up effects of the particle size
distribution and shear cell. Materials that were examined on the latter machines
included magnetite concentrate, polyethylene pellets and bauxite, which have different
particle and bulk properties. Various wall materials were also examined including
stainless steel 304-2B, alumina ceramic tiles, Matrox and Bisplate® 400. Findings from
this test work showed there were variations between the measured wall friction angles
between the two machines for various bulk material and wall sample combinations. The
LSWFT displayed better capability and reliability to measure wall friction angles of
bulk materials consisting of particles greater than 4 mm due to the larger shear cell size
and greater shear strain. Accurate measurements of wall friction angles and modelling
of the particle-to-boundary interactions in DEM simulations have shown to be
imperative when designing equipment for reliable flow to occur.
ii
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It can be concluded that DEM calibration and adequately modelling non-spherical
particles by clustering balls together are essential for successful and reliable application
of DEM simulations to industrial applications.
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1. 1 Background
Bulk materials and minerals are a significant export earning commodity for the
Australian economy. Increased investment when the demand for raw materials is high,
forces industry to become more competitive to augment the supply of goods at the
lowest cost possible. Even when economic growth and investment into infrastructure are
low, there is still pressure on industry to improve production efficiencies and reliability
and reduce production down-time and operating costs with minimal impact on the
environment.

Investments into continuous mining operations to increase the supply of minerals and
the value of the Australian mineral sector have engendered challenges to maintain a
healthy share of the global industry. Significant challenges include the demand for
higher quality and complex minerals, which require improvements in ore
characterisation, process optimisation and exploration techniques. However, the decline
in mineral deposits in particular regions has lead to decreased quality in mineral grades
resulting in undesired additional waste material. Mineral extraction at deeper levels
below sea level or the water table can lead to increased difficulties in handling and
processing extracted bulk materials, due to the inferior bulk characteristics of the
material. Such wet and sticky bulk materials can have strong cohesive and adhesive
characteristics but still require processing resulting in costly and unproductive
reoccurring problems on material handling systems such as belt conveyors, transfer
chutes, feeders, storage bins and other processing equipment. The processing and
handling of fine materials and powders is more difficult, requiring the design of
handling systems to be flexible and robust, which often under perform due to unreliable
design techniques to model cohesive and adhesive bulk materials.
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There is a demand from industry to develop feasible and accurate design and troubleshooting tools to evaluate existing bulk material handling facilities to assess the
viability of a plants’ ability to store and convey an alternative product or a material that
has significantly different flowability characteristics. Methods to visualise and model
design alternatives to improve the functionality of a processing plant are desirable to
maintain reliable and cost effective operations. Research focused on addressing the
technical challenges in the mineral industry will lead to intelligent techniques to mine
and process adverse bulk materials, resulting in lower production and maintenance
costs, motivating both the Australian mineral industry and private companies to become
more productive and prosperous.

DEM is a numerical modelling technique which is ideal for solving engineering
problems that exhibit discontinuum behaviour as the motion and interaction of each
individual discrete particle or cluster of particles is explicitly modelled. Although it is a
computationally intensive technique where computational times are governed by contact
detection algorithms, contact models, the size and number of particles, the size of the
simulation domain and computational resources (i.e. parallel processing and memory),
DEM has proven to be an optimal design tool for material handling equipment (Cleary
2009; Katterfeld et al. 2009; Kessler and Prenner 2009; Kruse 2009; Prenner 2010).
DEM has the capability to model both quasi-static and dynamic processes of granular
material by sophisticated particle interaction laws. Initially DEM was not seen as a
realistic method to simulate complex granular flow due to the limitations on particle
size and shape and the time to compute a realistic simulation. As technology improves
the availability of increased computational power allows for comprehensive numerical
simulation to optimise and design complex machines to effectively handle a spectrum of
bulk materials. The determination of valid material properties and the validation of
DEM simulations for granular materials are required to conduct valuable numerical
simulations to design and understand the flow behaviour of bulk solids.

Determination of the micro-scale particle properties and techniques to represent the
inter-particle forces, such as liquid bridges, can be difficult to characterise the real
behaviour of a cohesive granular material (Favier 2007). Hence, improvements and
research are still required to calibrate and validate models, especially for difficult-tohandle granular materials. Development of simple bench scale tests are required to
2
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calibrate DEM models and the development of validated calibration techniques will
help to minimise “fine-tuning”, the need for assumptions and subsequent iterations of
full scale simulations, which can be a formidable task. If developed properly,
accounting for the relevant physics, the validated calibration techniques will be able to
represent the static and dynamic behaviour of a granular material.

A considerable amount of quantitative and qualitative data can be extracted from DEM
models, however, scientific and validated methodologies are required to characterise
material behaviour numerically against laboratory data to warrant that DEM predictions
are valid and realistic (Cleary 2009). In most industrial scale applications, it is often
extremely difficult or impossible to collect accurate and reliable data on material flow
and behaviour, due to the hostile environments and lack of accessibility (for example
inside transfer stations, mills and elevators) to effectively and safely acquire data.
Therefore, there are very limited examples (Katterfeld et al. 2007) in literature where
researchers have quantitatively validated large-scale DEM models against natural
systems to quantify the calibration technique and accuracy of the results. As a result
many DEM models and physical experiments are conducted at a manageable scale in
laboratories as indicated in the comprehensive review by Zhu et al. (2008) to verify
numerical models, or are quantified by available analytical models and qualitative data.
Although much research has been conducted to verify DEM models and codes for
bench scale systems, there is still some doubt whether DEM and the methods to
calibrate the numerical method from bench scale tests can accurately predict the chaotic
flow behaviour of granular materials in real large-scale industrial applications that often
involve complex geometries and particle shapes.
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1. 2 Objectives and scope of the research
The aim of this thesis is to quantify and model the dynamic behaviour of cohesionless
and cohesive bulk materials to assist in the design of robust handling systems and
processing plants. The main objectives of this research are as follows:

•

investigate experimental methods to determine and calibrate key properties of
both lump size (4-30 mm) and fine (<4 mm) bulk materials for numerical
simulation;

•

develop validated tools to assist designers and operators to predict the
handleability of cohesive and sticky bulk materials;

•

dynamic modelling of bulk material flow to investigate the static and dynamic
influences on the behaviour and flow of bulk materials using discrete element
method;

•

investigate the influence of particle size distribution of a bulk material and scale
effects of the shear cell of a direct shear tester on the kinematic angles of wall
friction;

•

validate computational numerical models developed using bench scale tests and
physical experimentation; and

•

evaluate the success of testing and calibration techniques to model the flow of
bulk material through conveyor transfer stations of varying scale and layout to
predict particle velocities and flow behaviour.
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1. 3 Structure of the thesis
This thesis consists of 12 chapters that examine two research topics, namely discrete
element modelling and the investigation of kinematic wall friction angle measurements
where the latter findings are utilised for discrete element modelling. The initial section
of this thesis provides a basis and background to the thesis. After the introduction,
Chapter 2 provides a literature review dealing with current DEM methodology and
contact models available to model cohesionless and cohesive bulk material. The current
methods used to calibrate DEM models and the application of DEM to bulk material
handling applications are also discussed. The final section of Chapter 2 discusses
aspects of wall friction testing and findings from investigations conducted by other
researchers. Chapter 3 explains the methodology adopted to calibrate the DEM models
and provides details on the developed calibration and characterisation tests used in this
thesis. Chapters 4 and 5 examine the DEM calibration of coal and polyethylene pellets
respectively, where the variation and sensitivity of DEM contact model parameters vary
depending on the calibration test adopted. In Chapter 6 the developed DEM material
models from Chapter 5 are examined to model the rapid impact of polyethylene pellets
onto a flat impact plate transfer point using DEM simulations where results are analysed
against analytical methods and experimental results. Chapter 7 investigates the
development of DEM material models of moist and sticky bauxite where the JKR model
has also been implemented to model cohesive bauxite.

Chapter 8 details the development and commissioning of the large scale wall friction
tester (LSWFT) including the normal and shear force measurements and tuning of the
programmable logic controller (PLC). Chapter 9 continues the investigation of the
LSWFT where wall friction tests are conducted using various bulk materials and wall
samples on the Jenike shear tester and LSWFT. Validation of DEM simulations to
model the particle-to-boundary interactions from the results presented in Chapter 9 are
conducted in Chapter 10, where DEM simulations of the wall friction test using
cohesive bauxite are investigated. Chapter 11 explores the application of DEM to a
large scale industrial transfer point to evaluate the DEM materials models developed in
Chapter 7. Finally, Chapter 12 presents the key conclusions from this thesis and
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suggestions for further research are also provided. There are also four appendices at the
end of the thesis.
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2. 1 Introduction
The correlation between the micro- and macroscopic properties of granular matter is
often overlooked or the quantitative fundamentals are poorly understood when it comes
to the design or optimisation of equipment which interact with granular material (Zhu et
al. 2007). In recent years the rapid development in computer technology (Kafui et al.
2002) and research have led to the development of useful discrete particle simulation
techniques. Several discrete modelling methods were developed for simulating the
complete behaviour of systems of discrete, interacting bodies, including cellular
automata (Mehta and Barker 1994; Taber 1996), monte carlo method (Allen and
Tildesley 1987; Elperin and Golshtein 1997; Korn 2007), modal methods, discontinuous
deformation analysis, momentum-exchange methods, multibody dynamics methods,
mean field method, energy minimisation method and the more commonly used discrete
element method (DEM) (Bardet 1998). An alternative method to DEM is molecular
dynamics which simulates the interaction between atoms and molecules but has been
applied to the modelling of fine granular matter (Luding 2004).

To accurately model discontinuous behaviour, such as granular flow, the following key
attributes need to be represented well:

•

contact and body stiffness

•

number and shape of bodies

•

packing density

•

amplitude of displacement and strain

•

capabilities of fracturing individual particles, and

•

static and dynamic capabilities (Bardet 1998).
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The discrete modelling methods listed above have varying ability to incorporate the
latter attributes. A detailed comparative study to determine the best method to model
cohesive granular material was not conducted. However, due to the popularity of DEM,
experience with DEM, resources available, including commercial codes and literature,
DEM was the ideal method to model the dynamics of granular flow of cohesionless and
cohesive matter for this thesis.

Conventional continuum mechanics-based modelling methods such as finite element
method (FEM) and finite difference method (FDM) have been utilised for modelling
gravitational flow of granular material (Runesson and Nilsson 1986). Nordell (1994)
used FDM to analyse conveyor transfer chute flow and examine velocity and pressure
gradients between the granular material and the boundary layers of the chute surface
utilising various FDM mesh schemes. The explicit scheme of FDM is relatively simple
to understand and employ for basic problems but intensify in difficulty when applying
FDM to complex geometries or boundaries (Moaveni 2003, p.5). Nordell (1994) agrees
that DEM is more suited to modelling granular flow problems, as it is possible to define
the flow properties and shape of granular matter to provide realistic information of the
material flow behaviour.

The material point method (MPM), also referred to as the particle-in-cell method
(Harlow 1964) is an FEM based particle method which has been applied to multiphase
simulations but has been adapted to problems of solid mechanics (Burgess et al. 1992;
Li et al. 2009). The inclusion of frictional contacts in the particle-in-cell method
(Bardenhagen et al. 1998) enabled the flow of granular material to be simulated using
elastic-viscoplastic constitutive relations to model mechanical behaviour (Wieckowski
2004). MPM has been applied to the modelling of granular flow in silo discharge,
stockpile reclamation and material failure (Wieckowski et al. 1999; Wieckowski 2004),
but is a restricted method to systems that can be modelled using continuum mechanics.
MPM can not solve problems which involve discontinuous mechanical behaviour, such
as the flow of bulk solids in complex chutes and novel bins containing inserts or
obstructions that are difficult or impossible to incorporate in conventional continuum
mechanics.
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2. 2 Development of DEM
The discrete element method was first developed by Cundall (1971) to solve problems
relating to rock mechanics. The first published paper in open literature on the
application of the discrete element method to granular materials was by Cundall and
Strack (1979). Consequently, in the past three decades with the advancements in
technology, DEM has dramatically increased in popularity due to the improvements in
commercial codes available, computational hardware and the diversity of applications
DEM has the potential to model. Zhu et al. (2007) has shown that the number of
publications related to DEM have increased significantly due to the rapid development,
research and application of DEM.

The discrete element method considers a finite number of discrete particles or clusters
in a fixed system with boundaries interacting by means of deformable contacts and noncontact forces where Newton’s equations and body forces govern the translational and
rotational motion. DEM is an explicit technique that assumes disturbances can only
propagate to immediate neighbouring particles during each time step. Discrete element
method was originally termed distinct element method (Cundall and Strack 1979);
however, in literature the original terminology is not always followed and the term
“distinct” is rarely used. Cundall and Hart (1992) summarises the three fundamental
aspects of modelling discrete element systems, being the representations of contacts, the
representation of solid materials and the scheme used to detect and revise contact sets.

There are two common approaches in DEM to study various phenomena, which are the
“soft-particle” (Cundall and Strack 1979) and “hard-particle” approach (Campbell
1982). The soft-particle approach is the most widely used technique as it is capable of
handling multiple particle contacts and can implement the inter-particle forces easily
and allows for softer interactions and longer contact duration, therefore reducing the
computational time (Hoomans et al. 1996; Di Renzo and Di Maio 2004). The softparticle technique is ideal for quasi-static systems unlike the hard-particle technique as
particle contacts are processed one collision at a time, assuming instantaneous
collisions. The hard-particle method is best suited to applications of rapid flow, such as
dilute systems like gas-solid flow (Hoomans et al. 1996), where multiple simultaneous
collisions are unlikely to occur.
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Initially, DEM simulations were two-dimensional and particles were represented as
disks (Cundall and Strack 1979; Walton and Braun 1986a) or monodisperse spheres in
three-dimensional simulations (Walton and Braun 1986b; Walton 1993). This reduced
the complexity of the DEM simulations but often resulted in unrealistic particle locking
effects and granular flow as granular systems typically have some polydispersity in
particle size. Many researchers have successfully addressed the issue of more realistic
particle shape representation. Some of the particle shapes implemented to model
granular material include, polygonal particles (Walton 1982, 1983), clumps or clusters
of spheres (Favier et al. 1999; Favier et al. 2001; Song et al. 2006; Lu and McDowell
2007), polyhedral particles (Zhao et al. 2006), elliptical particles (Rothenburg and
Bathurst 1991; Ting et al. 1995), ellipsoidal particles (Ouadfel and Rothenburg 1999;
Mustoe and Miyata 2001; Johnson et al. 2007), super-quadric particles (Mustoe and
DePoorter 1993) and other non-round particles (Potapov and Campbell 1998; Pournin
and Liebling 2005).

2. 3 Advantages and limitations of DEM
DEM simulations can visually provide information on the micro-dynamic and static
behaviour of particles in a system, such as transient forces acting on individual particles
and boundaries and the force networks among the particles. This information is often
extremely difficult, time consuming and costly to obtain by physical experimentation, if
not impossible (Zhu et al. 2008).

DEM modelling can provide information regarding the contact of discrete bodies.
However, realistically modelling the deformation of the particles is very complicated
and inefficient in terms of computing time and computational resources, resulting in the
interaction forces being evaluated in relation to the normal δn and tangential δt overlap
of the bodies (Luding 2004) as illustrated in Figure 2.1.
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Figure 2.1 Schematic illustration of two spheres in contact subjected to normal and
tangential forces
The number, size range and shape complexity of particles are currently limited by
computational power and tend to restrict the number of particles to less than a million in
a system (Malone and Xu 2008). The ideal setup of a DEM simulation is to have the
grid size in the contact detection grid approximately two to three times the minimum
particle radius so that there are fewer particles in each grid to optimise the
computational time to detect contacts. However, the memory required for an optimal
grid size is often the limiting factor in DEM simulations rather than the CPU power
(Miller and Luding 2004). The size and elasticity of the particles govern the time step
required to accurately model a particle system where the computational time and virtual
time are limited by the CPU power. Parallel processing (Sawley and Cleary 1999)
overcomes the limits of one processor and speeds up the computational time required
allowing bigger simulations to be conducted in reasonable time frames.

Computational resources are a significant limitation in DEM simulations. From a
commercial design perspective the computational time is an important factor to consider
when setting parameters in DEM simulations. If simulations take several weeks to
complete, the design process can become inefficient and take longer to complete
making DEM simulations uneconomical. For typical projects to gain business value
from DEM simulations, the turn around times for results needs to be rapid (Pinson and
Wright 2007). To increase turn around times, often simulations are simplified (Feise and
11
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Carson 2003) and scaled by using simpler contact models, scaling down the particle
normal and tangential contact stiffness, increasing the particle size, decreasing the
number of particles and using periodic boundaries to limit the size of the simulation.
Further research is needed to improve algorithmic performance of DEM code and
manage data sets more efficiently to reduce simulation times and memory storage
required for DEM simulations.

As discrete element modelling is still in its infancy compared to other numerical
methods, such as computational fluid dynamics (CFD) and FEM, there is a degree of
uncertainty in accepting the technique amongst engineers and parties of interest,
especially when projects have a large expenditure (Pinson and Wright 2007). Promotion
of the technique is needed by more research in industrial validation to encourage a
broader audience to understand DEM and successfully implement DEM in applications
involving the analysis of granular media.

The characterisation of bulk materials is a significant challenge in DEM. Bulk materials
are usually quite heterogenous, comprising a wide range of particle shapes and particle
sizes from large lumps or rocks to microscopic particles with a random packing array.
Many bulk solids exhibit some degree of cohesion, especially mineral ores, where
variations in moisture content and temperature can alter the strength of particle bonds
and more importantly the macroscopic strength of the material (Roberts 1998).
Understanding how to represent the behaviour of granular media by the use of damping
forces, friction coefficients, particle body forces, such as electrostatics and liquid
bridges, poses a complex problem in industrial applications. A major complexity in
many industrial applications is the limited or in some cases no understanding of the
behaviour of granular flow within a process. To perform “tuning” simulations on large
scale processes is too time consuming and not viable (Pinson and Wright 2007). The
more accepted and adopted “tuning” method for DEM modelling is the use of simple
bench scale experiments to calibrate the real particle parameters at a small scale to be
implemented at a full scale with the hope that the procedure is accurate and
representative (Gröger and Katterfeld 2007a; Coetzee and Els 2009). Section 2.10.9
explains in detail some of the current “tuning” techniques utilised, also the limitations
and scale effects are discussed.
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2. 4 DEM and bulk materials handling
DEM is gaining increased importance in the field of bulk solids handling to help solve
difficult problems. Perhaps it is the most popular method used for the simulation of
particle assemblies in the areas of bulk material processing, chemical processing, civil,
mining, agricultural technology and physics. DEM is being used in the bulk materials
handling industry to provide engineers with a better understanding of particulate
mechanics leading to new insights and innovation in equipment and process design.
Discrete element modelling is an ideal trouble-shooting method to provide continuous
improvement in processing systems and to provide companies a comparative advantage
in meeting the higher demands in the resources industry. Discrete element modelling of
particulate processes can limit the number of physical prototypes required, saving
companies time and resources as long as the material can be accurately characterised
and modelled. If simulations are not calibrated correctly or representative of the
physical conditions, discrete element models can be misleading and easily either underpredict or over-predict real conditions. Thus, the importance of calibrating DEM models
using appropriate experiments is examined and emphasised in this thesis.

Much of the work with DEM to date has focussed on particle-particle interactions
(Favier 2007). Coupling DEM with other numerical methods such as CFD (Tsuji et al.
1993), FEM (Kremmer and Favier 2001b; Rojek et al. 2005) and multi-body dynamics
(MBD) (Gruening et al. 2010) advantageously allows for a complete dynamic analysis
of particle assemblies with fluid flow and external bodies. Effects of environmental
conditions such as temperature, moisture content and electrostatic charge can be
incorporated at a micro scale to enhance DEM capabilities. Thus, the limitation of
continuum methods to account for local variation in particle concentration and localised
flow behaviour can potentially be modelled using DEM.

Discrete element modelling has diversified in recent years with the capacity to model
any non-ideal particle shape and incorporate complex boundary geometries utilising
computer-aided design (CAD). The design integration of CAD into DEM has
progressed to the point where large scale complex industrial systems can be modelled
with increasing realism capable of simulating at least 100,000 particles and up to in
excess of one million particles (Cleary 2004, 2009). Table 2.1 summarises numerous
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case studies of the application of DEM in the bulk materials handling and mining
industry. For a comprehensive review of the most common applications of DEM in
particulate systems, the reader is referred to Zhu et al. (2008). Cleary (2004, 2009;
Cleary 2010) also provides a good overview of the application of DEM to many of the
large scale industrial applications listed in Table 2.1 to improve equipment design and
operations.

Table 2.1 Summary of applications of DEM
Application
Reference
Annular shear cell

(Hassanpour et al. 2004; Ning and Ghadiri 2006;
Luding 2008b; Baran et al. 2009; Ji et al. 2009)

Belt conveyor transfer points

(Nordell 1997; Qiu and Kruse 1997; Hustrulid
1998; Alspaugh et al. 2002; Dewicki and Mustoe
2002; Nordell 2003; Huque 2004; Pinson et al.
2004; Franz 2007; Ilic et al. 2007; Katterfeld et al.
2007; Loughran and Britton 2007; Pinson and
Wright 2007; Wu and Morrison 2007; Maton
2007a; Gröger and Katterfeld 2007b; Maton 2007b;
Katterfeld et al. 2009; Kessler and Prenner 2009;
Kruse 2009)

Belt conveyor discharge

(Huque and Walsh 2004; Hastie 2010)

Bucket stacker/reclaimer

(Witherspoon 2008)

Bucket elevator

(Katterfeld and Gröger 2007)

Direct shear cell

(Gröger et al. 2003; Theuerkauf et al. 2003;
Thornton and Zhang 2003; Tykhoniuk et al. 2003;
O'Sullivan et al. 2004; Theuerkauf et al. 2004; Liu
et al. 2005a; Liu 2006; Landry et al. 2006a; Orlando
et al. 2007; Härtl and Ooi 2008)

Grinding mills

(Watanabe 1999; Cleary et al. 2003; McBride et al.
2004; Morrison and Cleary 2007; Rajamani 2007;
Khanal and Morrison 2009; Cleary et al. 2010)

Hopper and silo flow

(Langston et al. 1995; Rotter et al. 1998; Holst et al.
1999; Cleary and Sawley 2002; Loughran et al.
2004; Zhu and Yu 2004; Goda and Ebert 2005;
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Markauskas 2006; Li et al. 2007; Anand et al. 2008;
Balevicius et al. 2008; Cleary 2008; Datta et al.
2008;

González-Montellano

et

al.

2009;

Ketterhagen et al. 2009; Langston et al. 2009)
Inclined surface

(Walton 1993; Vu-Quoc et al. 2000; Zhang and VuQuoc 2000; Wu 2006; de Ryck 2008a, 2008b)

Pneumatic conveying and

(Tsuji et al. 1992; Tsuji et al. 1993; Hoomans et al.

fluidisation

1996; Xu and Yu 1997; Kafui et al. 2002; Xiang
and McGlinchey 2003; Feng and Yu 2004; Sakai
and Koshizuka 2009)

Screw conveyors and Olds

(Landry et al. 2006b; Minkin et al. 2007; McBride

elevator

and Cleary 2009; Owen and Cleary 2009)

Rotating cylinders

(Walton and Braun 1993; Wightman et al. 1998;
Yang et al. 2003a; Aarons and Sundaresan 2008;
Yang et al. 2008b; Brewster et al. 2009; Freireich et
al. 2009; Liu et al. 2009)

2. 5 Wet bulk materials handling
The processing, transportation and storage of saturated or wet bulk solids have become
more frequent with the extraction of ores and minerals from wetter environments, the
addition of water to dusty materials for moisture control and/or dust suppression, the use
of water for processing and cleaning bulk materials, such as coal and bauxite. The
increasing demand for Australian iron ore, black coal, bauxite, nickel, uranium and
many other minerals is tending to increase each industry’s storage capacity and
transportation rates. The engineering of reliable systems to handle the complex
behaviour and adverse flow properties of wet bulk solids is essential for capital
investment utilisation and minimal manning levels.

The fundamentals and mechanics of flow of fine dry cohesive powders have been
studied intensively in the literature (Molerus 1975, 1978; Molerus and Nywlt 1984;
Abdel-Ghani et al. 1991; Tomas 2001a, 2001b, 2004a, 2004b) to develop an improved
understanding of the flow behaviour of cohesive powders for the reliable design of
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storage, feeding and conveying systems. However, the handling and understanding of
the mechanics of wet bulk solids is still an area of interest and has been a regular
problem for many industries and research institutes due to the complexities or inability
to test many strong cohesive wet materials. Roberts (1998) states that the handling of
wet bulk solids “seems to fall in no man’s land between rheology and bulk solids”,
therefore requiring more research. The key characteristics of wet bulk solids are
(McLean 1992):

•

wet bulk solids can transfer shearing stresses under static conditions;

•

many wet bulk solids when consolidated obtain cohesive strength and retain
their shape when unconfined;

•

the shear stresses that occur in a slowly deforming flowing wet solid are
relatively sensitive to the rate of shear and less sensitive to the normal stress;

•

wet solids dilate when sheared to flow;

•

the shear stresses that occur during incipient flow can be considered independent
of the rate of shear and dependant on the mean pressure acting within the bulk
solid; and

•

for fine bulk solids during relative movement and shear, fluid flow effects are
significant.

As wet bulk solids tend to exhibit greater, or in some cases, significantly greater
cohesive strength and flow functions (Jenike 1964) compared to dry or slightly moist
bulk solids, the forces which oppose flow can exceed the forces promoting flow, which
can lead to (McLean 1992):

•

cohesive arching,

•

pipe formation or ratholing during funnel flow,

•

wall friction induced funnel flow,

•

over consolidation and material build up,

•

retarded or erratic discharge rates from fluid flow effects, and

•

caking reducing the active flow area for bulk solids.

Failure to correctly measure the flow properties, model and predict the flow behaviour
of wet bulk solids using continuum or DEM based methods can lead to failed designs,
which can not be tolerated. Unreliable systems create flow problems that reduce
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processing capabilities that are costly in terms of lost throughput, down time,
maintenance costs, safety and redesign. Therefore, further examination of modelling
techniques is required to develop improved methods to predict the flow of wet bulk
solids.

2. 6 Adhesive and cohesive forces between solid particles
The formation of agglomerates by various bonding mechanisms such as solid bridges,
liquid bridges and chemical bonding are a necessity in systematic agglomeration
processes including pelletizing, sintering, granulating and briquetting. The formation of
agglomerates during storage, conveying, sieving, mixing and grinding when handling
fine cohesive particulates is often inadvertent and is the source of poor flowability and
caking of granular materials. Inter-particle Coulomb friction, which governs the
yielding and strength of a granular material, is a contact force that is of interest when
working on granular flows (Campbell 2006). Non-contact adhesive forces in fine dry
granular materials, which are of minor interest, are van der Waals and electrostatic
forces while capillary forces from the formation of liquid bridges are usually of most
interest in moist granular materials.

The magnitude of all types of inter-particle force is dependent on the distance of
separation and the particle diameter as illustrated in Zhu et al. (2007). As the formation
of liquid bridges and the prestressing history strongly influence the flow of moist bulk
materials, the author has only incorporated the cohesive forces due to liquid bridges in
this research. The van der Waals force is the force between molecules based on the
electric dipoles, however the van der Waals force decays rapidly proportional to the
inverse square of the separation distance. Therefore, the incorporation of van der Waals
forces into the modelling of granular flow is critical when dealing with dry cohesive
fine particles such as powders. The Hamaker theory (Hamaker 1937) has commonly
been adopted in DEM simulations to calculate the dominant van der Waals forces
between fine spherical particles (Yen and Chaki 1992; Yang et al. 2000; Yu et al. 2003;
Yang et al. 2008c). The weight force of a particle is significant to consider when
evaluating the magnitude of other inter-particle forces as it increases sharply with
increasing particle size and becomes the dominant force above a certain particle size.
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Under this rationale, smaller particles like dust can adhere successfully to other particles
and surfaces compared to larger particles.

Particle and surface asperities are often ignored in DEM simulations when evaluating
the adhesive forces due to van der Waals and liquid bridges. As a result the adhesive
forces acting on particles decrease as asperities increase the separation distance between
the cores of particles and mating surfaces (Schulze 2007, p.27). Section 2.8 investigates
the formation of liquid bridges and various methods to calculate the capillary force
induced in a liquid bridge. The influence of thin, non-transferable adsorption layers on
the inter-particle forces are not considered due to the complexity to understand how
they function. The solid crystallization of moist drying granular materials that form
solid bridges is also outside the scope of this investigation.

2. 7 Liquid content states
In bulk materials handling it is well known that the unconfined and cohesive strength of
a granular material depends on the liquid or moisture present in the system. Newitt and
Conway-Jones (1958) identified four types of liquid states, illustrated in Figure 2.2,
depending on the amount of liquid present between particles:

•

Pendular state: Voids between particles are only partially filled with liquid.
Typically, single liquid bridges appear between solid contact points due to the
closeness of particles.

•

Funicular state: The number of liquid bridges increases where some pores are
fully saturated by liquid but some pores are still filled with air.

•

Capillary state: All pores between particles are filled with liquid but a concave
meniscus appears on the outer surface under the capillary pressure.

•

Droplet or Slurry state: Particles are fully immersed in liquid and the surface is
convex where the strength of the granules depends on the liquid surface tension.
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(a)

(b)

(c)

(d)

Figure 2.2 Schematic diagrams of the various types of liquid states in granular media;
a) pendular, b) funicular, c) capillary and d) droplet (Heim et al. 2006)
These liquid content regimes can be distinguished according to the saturation level of
the granular system. The degree of saturation S is the ratio of the volume of liquid VLiquid
to the void volume VVoids, where the void volume can be determined based on the bulk

ρbl and solid ρs density to calculate the voidage ε of the granular material:

S=

VLiquid
VVoids

ε = 1−

ρbl
ρs

=

VLiquid

ε ⋅VTotal

(2.1)

(2.2)

The bulk density depends on the consolidation state of the bulk solid and is correlated
non-linearly to the consolidation stress acting on the bulk solid. As the moisture content
of the bulk material increases, the flowability of the bulk material typically decreases
until saturation is attained causing the flowability to increase sharply for certain
materials (Schulze 2007, pp. 215-18). This behaviour is also evident for the effect on
the wall friction angles between a bulk solid and a rigid wall surface. When liquid
bridges are present on wettable wall surfaces, the resultant additional cohesive force can
cause reduced flowability, which is usually the primary source of material hang-up and
blockage.
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2. 8 Pendular liquid bridges
When a liquid bridge is formed from the contact of particle to a surface present with
liquid, a liquid-induced cohesive and viscous force is generated by a capillary pressure
causing particle attraction. The viscous force component caused from the flow of liquid
in the bridge is significant when the liquid viscosity is high or when the shear rate of
liquid bridges is high. However, for coarse packed particles with negligible contact
angle φ, the viscous force is insignificant compared to the capillary force (Yu et al.
2003). The adhesive force of a liquid bridge is strongly dependent on the amount of
liquid present. Determination of these induced forces based on the exact geometry of the
liquid bridge is complicated and the formulation of an algorithm to numerically
calculate the resultant forces is too time consuming and computationally intensive
(Gröger et al. 2003). To simplify the complexities of quantifying the characteristics of
liquid bridge formation between heterogenous particles, often a simple single toroidal
liquid bridge model between spherical particles is adopted to estimate the total liquid
bridge force (Lian et al. 1993; Pierrat and Caram 1997; Willett et al. 2000; McCarthy
2003; Simons 2006; Willett et al. 2006).

The capillary force across a liquid bridge arises from two effects: surface tension γs; and
the reduced hydrostatic pressure associated with the curvature of the liquid bridge ∆P.
The effects of gravity on a liquid bridge are typically ignored. The resulting force of a
toroidal liquid bridge can be calculated either from the gorge (neck) (Yu et al. 2003;
Mitarai and Nori 2006) or the boundary method, calculated at the contact line (Lian et
al. 1993; McCarthy 2003; Megias-Alguacil and Gauckler 2010) from Figure 2.3:

FLB = Fγ + F∆P

(2.3)

FLB ,gorge = 2π R2γ s + π R22 ∆P

(2.4)

FLB ,boundary = 2π Rγ s sin β sin ( β + ϕ ) + π R 2 ∆P sin 2 β

(2.5)

where
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1 1 
∆P = γ s  − 
 R1 R2 

(2.6)


a 

R1 = R  1+
 sec β − 1
 2R 


(2.7)

 
a 
a 


R2 = R 1 +  1+
 tan β −  1+
 sec β 
 2R 
  2R 


(2.8)

Figure 2.3 Schematic of the toroidal approximation of a pendular liquid bridge between
spherical particles of equal diameter d, separated by a distance a, connected by a liquid
bridge with a half-filling angle β and contact angle φ (adapted from Yu et al. 2003)
Lian et al. (1993) conducted a detailed analysis of the toroidal approximation and
concluded that the gorge method leads to errors less than 10 percent of the exact
numerical solution of the liquid bridge shape. Therefore, the gorge method appears to be
more accurate and the liquid bridge force can be evaluated based on the principal radii
of the liquid meniscus. Improvements on the gorge method have been presented by
introducing simple scaling coefficients to estimate the liquid bridge force as separation
distance increases (Lian et al. 1993). The Derjaguin approximation (Israelachvili 1991,
pp.161-64) is a relatively accurate method (Willett et al. 2000, 2006) to calculate the
liquid bridge force between unequal spheres with a small liquid bridge volume and zero
separation distance.

When the liquid bonding is in the pendular state, the strength of the liquid bridge is
strongly dependent on the amount of liquid present and the distance between particles.
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Increasing the proportion of liquid VLB present increases the resistance of the bond to
rupture allowing particles to be pulled further apart without the bridge rupturing. The
failure limit of the liquid bridge can be expressed by the critical separation distance acr
(Lian et al. 1993):

1
 1 
acr = 1 + ϕ  VLB 3
 2 

(2.9)

which provides a good approximation when the contact angle is less than 40 degrees.

Feng and Yu (1998) investigated the effect of liquid addition on the packing of monosized spherical glass beads. The study showed that the presence of liquid restricted the
relative motion between particles due to capillary interparticle forces which results in
higher porosity. However, at a critical point, further increases in liquid content lead to
insignificant change of the capillary force and the porosity. If the liquid content is
higher than the maximum saturation point, the capillary force may vanish and the
porosity decrease. The particle size also has an affect on the interparticle force and
porosity. Small particles tend to have a greater wetting region before maximum porosity
is obtained and greater increases in porosity compared to large coarse particles (Yang et
al. 2003b).

2. 9 DEM applied to the modelling of cohesive granular materials
Most studies of DEM on granular materials have been focused on dry non-cohesive
media. A lack of understanding of the mechanics that govern the flow of cohesive
material has consistently led to the failure of processing systems and equipment caused
by material hold-ups, higher coefficients of friction, material adhering to surfaces,
inability to fluidise materials, rapid deceleration of flow and higher unconfined yield
strengths, which cause cohesive arching and pipe formation. Despite the recent
advances in understanding free flowing and cohesive granular materials there is still
plenty of research required to understand and model the effects of cohesion on granular
flow (Li and McCarthy 2006).
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To accurately predict the flow of cohesive materials it is necessary that the flow
properties and characteristics of the cohesive materials to be handled and stored be
determined by numerous methods and devices (Schwedes 2003). The flowability of a
bulk material is typically governed by the fine-grained materials or powders (Schulze
2007, p.32), which are often difficult to model using DEM due to the particle size,
number of particles required and the complex contact models required to realistically
model cohesive material. Furthermore, it is often difficult, if not impossible, to measure
the flow properties, such as the cohesion τ (σn = 0) and tensile strength σt (τ = 0) of
granular material at small normal loads using the standard Jenike shear tester (JST)
(Schulze and Wittmaier 2003). Obtaining an indirect value of cohesion stress from the
Jenike shear tester by extrapolation of the instantaneous yield loci has tended to provide
stresses that are too high due to the unknown shear plain (Schweiger and Zimmermann
1999).

With a modified standard Schulze ring shear tester, Schulze and Wittmaier (2003) had
more success in measuring cohesion stress as lower preshear normal stresses can be
obtained and measured. Numerous testers have been developed to measure cohesion
stress (Orband and Geldart 1997; Schwedes 2003) and tensile strength (Pierrat and
Caram 1997; Valverde et al. 1998; Schweiger and Zimmermann 1999; Schwedes 2003;
Morgeneyer and Schwedes 2004), however, most of these techniques only provide a
qualitative statement regarding flowability (Schulze 2007, pp.183-86).

The majority of studies in the literature have been conducted on fine powders, such as
lactose and corn starch (Schweiger and Zimmermann 1999), iron powder (Morgeneyer
and Schwedes 2004) and soda ash, copper powder and alumina (Orband and Geldart
1997), which exhibit a degree of cohesion and can be easily tested in a JST to compare
results from the extrapolation of the yield loci. The cohesion measurements from the
work of Orband and Geldart (1997) showed a lot of scatter but displayed reasonable
agreement between the results obtained from the JST, which are easier and quicker to
obtain using a Warren Spring – Bradford cohesion tester. The uniaxial tensile strength
tester of Morgeneyer, and Schwedes (2004) showed that the difference between the
tensile strength measured from uniaxial tensile strength tester, atomic force microscopy
and extrapolated yield loci are small. Both Morgeneyer and Schwedes (2004) and
Schweiger and Zimmermann (1999) show that a relationship exists between the porosity
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of the material and the tensile strength of material where at low porosities the tensile
strength is high and vice versa.

In the presence of liquid, there are many effects induced into the micro-mechanics of
granular flow, being the lubrication of solid-solid friction, velocity-dependent behaviour
and additional dissipation from liquid viscosity (Mitarai and Nori 2006). The generation
of capillary forces restricts the relative motion between particles and the behaviour of
liquid flow through granular media which affects the dynamics and packing or porosity
of the granular material (Feng and Yu 2000; Yu et al. 2003). In a static or quasi-static
regime, cohesive forces in wet granular material provide distinctive differences in
strength of the bulk material compared to dry non-cohesive material, such as the angle
of repose and the ability of the bulk material to support a load before failure.

The amount of literature currently present on the application of DEM or other
computational methods to simulate wet granular assemblies and explore liquid transfer
between particles during flow is rather limited. Numerous investigations have been
conducted in DEM to examine the packing structure of fine or wet spherical particles
influenced by van der Waals force (Yen and Chaki 1992; Yang et al. 2000; Yang et al.
2008a; Yang et al. 2008c) and capillary force (Yang et al. 2003b). The results indicated
that the packing structures become looser as particle size decreases and cohesive force
increases. The numerical packing of wet spheres with different moisture contents was
verified by physical experiments (Feng and Yu 2000; Yu et al. 2003) and showed
comparable results when the porosity is a function of either particle size, liquid content
or inter-particle force. Studies to explore the impact of varying moisture distribution and
inter-particle cohesion on the behaviour of granular material flow have not been
conducted to the best of the author’s knowledge.

Gröger et al. (2003) developed a three-dimensional cohesive discrete element method to
simulate wet static assemblies and slow or quasi-static deforming assemblies. The
cohesion between the fine particles was incorporated by modelling the forces due to
liquid bridges according to Equation 2.4. The study investigated the shear strength of
fine glass particles by direct shear simulations. Both spherical and non-spherical
particles were used in the numerical simulations to provide good agreement with
experimental results for wet granular assemblies. Gröger et al. (2003) conducted a
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numerical study of the tensile strength of agglomerates of mono-sized glass spheres
based on the theory of Rumpf (1962), which was later quantified by Molerus (1975,
1978) by an equivalent derivation. Rumpf gave the following expression for tensile
strength of wet powders in the pendular state:

1− ε

Fncoh
k 2
σt =
π
d

(2.10)

where ε is the void fraction of agglomerate, Fncoh is the bonding force of the liquid
bridge and d is the particle diameter. The wet coordination number k is the number of
liquid bridge contacts between particles, which is different to the dry coordination
number as liquid bridges can stretch between non-contacting particles and is dependent
on the surface roughness of the particles and volume of the liquid bridge. Equation 2.10
is based on the following assumptions:
•

that the agglomerate consists of mono-sized spheres,

•

the bonding forces are equal for all contacts,

•

the packing of spheres is geometrically isotropic, and

•

the contact points are equally distributed over the particles’ surfaces.

Pierrat and Caram (1997) showed that experimental measurement of the tensile strength
of glass beads did not correlate well to Rumpf’s model as the tensile stress values were
generally over predicted which can be a result of Equation 2.10 being misused.
Conversely, the tensile strength of wet granular material is a strong function of the
voidage fraction and consolidation history.

An elasto-plastic contact model tends to represent the behaviour cohesive particles more
realistically (Tomas 2001a, 2004a). Cohesive materials exhibit adhesive forces and
hysteretic behaviour during the unloading of particles in contact which can be
represented by a simple linear hysteretic spring model (Luding 2008a). More
complicated non-linear hysteretic spring models (Sadd et al. 1993) are available which
incorporate a non-linear un-/re-loading behaviour. Sadd et al. (1993) considered a nonlinear relationship between the normal contact force and the relative displacement of
smooth spherical particles utilising a displacement proportional damping mechanism,
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which correlated well to the approximate solution of Johnson (1985). The model of
Luding (2008) is similar to the Walton and Braun (1986a, 1986b) linear elastic-perfectly
plastic contact model but has the ability to model the tensile strength within a particulate
system by the inclusion of an attractive adhesion force during the unloading of two
spherical particles. Section 2.10.6.3 details the models available to quantify the interparticle and adhesive forces.

An increasing area of interest in cohesive systems is the study of different flow regimes,
mixing and segregation of cohesive particles in a partially filled rotating drum
(McCarthy 2003; Brewster et al. 2009; Liu et al. 2009). Brewster et al. (2009), using a
simple model for interparticle cohesion, examines the effects cohesion has on the shape
of the free surface and the velocity field within the granular material with a continuous
flow regime. At low rotation rates and high cohesion levels or a granular bond number,
the free surface is convex. Contrary to this, at low cohesion levels and high rotation
rates the free surface takes the shape of an inverted S or becomes concave. The granular
bond number is the ratio of the cohesive force divided by the particle weight as a
measure of a particle’s cohesiveness (McCarthy 2003).

2. 10 Fundamentals of DEM
2.10.1 Basic DEM computation

To understand the basic process and order of implementation of the DEM, Figure 2.4
illustrates a basic flow chart of the DEM algorithm sequences to successfully model the
dynamics and behaviour of discrete objects. A DEM code typically consists of the
following functions and features:
1. A routine to initialise the simulation environment and define the key parameters
of the DEM model, such as simulation time, the numerical time step, material
parameters, coefficients of friction, size of the simulation domain and particle
characteristics, for example. Additional features may include a routine to define
non-spherical particle shapes or a routine to define complex geometry and
motion of boundaries, which can be executed by sub routines to import external
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user defined CAD models. Routines to establish couplings between DEM and
other computational methods such as CFD, FEA and MBD are also possible;
2. an automatic contact detection algorithm involving a continuous series of sorting
actions and geometry checks;
3. a contact force generation algorithm that can calculate the incremental forces
and total force on particles and boundaries;
4. a time integration procedure that can explicitly update the velocity and position
of the particles during an update; and
5. a method to save output data and further quantities specified by the user for post
processing.

The following sections in this chapter will now examine in further detail some of the
features of DEM as listed above including contact models for adhesion and particle
shape representation as briefly discussed in Section 2.2.
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Figure 2.4 Flow chart of the DEM algorithm sequence
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2.10.2 Particle-to-particle contact and definitions

An important aspect in DEM is to determine when particles are in contact with
neighbouring particles or boundary geometry to compute the inter-particle forces
between discrete particles and to determine the resultant motion of the particles. To
determine if two spheres or particles are in contact as illustrated in Figures 2.1 and 2.5,
a simple algorithm can be developed. If the difference between the centres of the
spheres is less than or equal to the sum of their radii, the spheres are in contact.

Figure 2.5 Schematic definition of particles in contact in the normal direction

The virtual normal overlap mathematically is given by:

δ n = Ri + R j − ri − rj
= Ri + R j −

(u

i,x

− u j , x ) + ( ui , y − u j , y ) + ( ui , z − u j , z )
2

2

2

(2.11)

where Ri and Rj are the radii of sphere i and j and ri and rj are the position vectors from
the global origin to the centre of sphere (ui, uj) i and j respectively. The normal direction
unit vector at the point of contact pointing from the centre of sphere i to the centre of
sphere j is:
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r −r
n$ ij = j i
rj − ri

(2.12)

The point of contact between two spheres as illustrated in Figure 2.5 is defined as:

δ

uc = ui +  Ri − n
2


$
 n ij


(2.13)

δ 

uc = u j −  R j − n  n$ ij
2


(2.14)

or

The magnitude of δn between particles is typically a small proportion, usually 0.5 to 2
percent of the particle diameter to achieve stable simulations where the overlap to force
relationship is governed by the contact model. If the overlap is too excessive, particles
can potentially pass through each other or boundary surfaces causing simulations to
become erratic and unstable. The stability of a simulation and the amount of particle
overlap during each time step is vastly dependent on the size of each time step.
Determination of a stable time step is detailed in Section 2.10.7.

2.10.3 Particle-to-boundary contact and definitions

In most computations and industrial applications particles will come in contact with
either rigid stationary or moving boundaries such as conveyor belts, transfer chutes,
walls, machinery parts or any other equipment that comes in contact with materials. The
method to model the shape of a structure is commonly done by using triangular
elements (Hustrulid 1997; Kremmer and Favier 2001a) to approximate the topology of
the boundary surface. The accuracy and complexity of the surface geometry in
numerical simulations can vary depending on the nature of the simulation. Initially,
simple surfaces and planes (Cundall and Strack 1979; Walton 1983; Walton et al. 1988)
were utilised to represent boundaries such as inclined planes, shear boxes, hoppers and
other confinements by mathematically defining the surface planes and curves.
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To improve the accuracy, complexity and effort required to create realistic
environments, commercial DEM packages such as ChuteMavenTM (Hustrulid
Technologies 2009), PFC3DTM (Itasca 2009) and EDEM® (DEM Solutions 2011a) have
incorporated the ability to import custom computer-aided designs (CAD) and convert
the geometry into a suitable mesh to allow efficient contact detection. Some of the
references provided in Table 2.1 provide examples of the applications of imported CAD
models to model complex geometries such as conveyor transfers, rotating drums, screws
and other complex surface contours. To model translational and rotational motion on
complex boundary objects, kinematics are often applied to selected objects linearly
(Hustrulid Technologies 2009; DEM Solutions 2010) or in a sinusoidal motion (DEM
Solutions 2010) to incorporate the mechanical motion of the boundaries. To model the
linear motion of particles on a moving surface such as a conveyor belt or rotating drum
a pseudo-kinematic approach is adopted where there is no change in the surface position
with respect to the global reference frame. For example, to convey particles along a
conveyor belt the surface of the belt is modelled as a stationary object but when
particles come in contact with the belt, the linear velocity of the belt is applied to the
particle at the contact point by incrementing the tangential overlap between the particle
and the pseudo-kinematic surface. Kremmer and Favier (2001b) developed a technique
to fully model kinematic boundary motion of rigid surfaces as a means for coupling
soft-based particle dynamics with rigid body dynamics and structural analysis of
boundary components.

When a particle is in contact with a wall or boundary surface as illustrated in Figure 2.6,
the distance from the centre of the sphere ui to the closest point on the boundary is less
than or equal to the radius of the particle Ri. The possible contact regions which can be
expected to influence the particle behaviour include contact with a surface, edge or
corner. For further details on the finite wall method based on surface triangulation to
represent boundaries and contact detection between wall elements and discrete objects,
refer to Kremmer and Favier (2001a).
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Figure 2.6 Schematic definition of particles in contact with a boundary

Virtual representation of boundaries in the form of periodic boundaries (Walton et al.
1988) are often utilised to model small sections in large homogeneous systems (Kuhn
1995) to simplify models and reduce computational time and resources. When particles
cross a periodic boundary, particles automatically are reinserted into the control volume
on the opposite side in the same position and with the same dynamics from where the
particles were removed.

2.10.4 Contact detection

The detection of contacts within a specified control volume requires an efficient and
simple algorithm to search for particles in contact with neighbouring particles or
boundaries. The contact detection algorithm is one of the most important aspects of the
DEM and generally governs the efficiency of the computational time and resources. The
formulation of a conservative algorithm is essential when modelling large systems
containing substantial amounts of particles to ensure contacts are not missed during
each time step. The contact detection of non-spherical particles, such as ellipsoids,
superquadrics or polyhedrals is much more complex compared to basic spherical
particles and extremely computationally expensive to implement in DEM simulations
containing a large number of particles (Song et al. 2006).
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The optimal contact detection algorithm is generally dependent on the type of motion in
a system, for instance quasi-static or dynamic motion, the type and shape of the discrete
elements and the packing density of the particles. Contact detection is usually divided
into two stages: (1) neighbour searching which identifies and lists particles within a
certain neighbourhood; and (2) geometric resolution which compares the target particle
against the geometry of objects in the neighbour or Verlet list in detail to find contact
points and determine contact forces (Nezami et al. 2004). Detection algorithms are
rigorous space-based or body-based searching and sorting schemes. The neighbour
(Verlet) list (Vu-Quoc et al. 2000) and grid method (Hustrulid 1997) are the two most
widely used approaches.

2.10.4.1 Grid method

The grid method, also referred to as the neighbouring cell method divides the domain of
the system into a grid of cells as shown in Figure 2.7 where a list of the particles
contained within a cell is maintained. So for a given particle, contact detection is only
checked with other particles within the cell and neighbouring cells. The size of the grid
cells dictates the computational time and the amount of random-access memory (RAM)
required to store particle contact information. Mio et al. (2005) found the optimum grid
cell size to improve computing time should be around 1.5 to 2 times the particle radius.
Contact detection becomes inefficient when the grid cell size is too fine or too large as
there may be an excessive amount of cells to search or too many particles in each cell to
compute possible contacts, respectively. Computational time is also correlated to the
solid fraction of particles in the domain where large solid fractions lead to longer
computation times. The optimum grid cell size is generally insensitive to a system
containing a varying particle size distribution (Mio et al. 2005; Zhao et al. 2006).
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Figure 2.7 Illustration of the grid method, 2-D grid shown
Selection of a suitable grid cell size is typically governed by the size of the particle
system, the number of particles and the quantity of computational resources. If the grid
cell size is small there are less possible contacts to detect in each cell leading to quick
and frequent updates of the neighbouring list. On the contrary, a larger grid cell size
contains more particles to detect contacts requiring longer periods to search and update
the neighbouring list, but less frequent update of the neighbouring list is required.

2.10.4.2 Neighbour list method

The neighbour list method detects particle contacts by establishing a neighbourhood
around each particle defined by a specified radius as shown in Figure 2.8. A Verlet list
is maintained of each particle’s neighbours to check for possible contacts or high
potential of collision amongst particles on the list. The list is updated frequently to
determine if particles outside the neighbourhood have migrated within the
neighbourhood and possibly come in contact with the target particle. The neighbour list
method allows for a more efficient and precise contact detection scheme for large
systems of particles and quasi-static assemblies but becomes less efficient with particles
moving at higher velocities as more frequent updates of the Verlet list is required (VuQuoc et al. 2000). Details of the implication of the contact detection scheme is
presented in Vu-Quoc et al. (2000) for spherical particles and non-spherical particles
modelled by clustering spheres.
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Figure 2.8 Illustration of the Verlet Method
The size of the neighbourhood radius Rnbr around a target particle needs to be sufficient
to allow neighbouring particles to enter the neighbourhood first before contacting the
target particle as follows:

Rnbr > ( Ri + R j )

(2.15)

To account for the highest particle velocity vi max in a system, the neighbourhood radius
required for the succeeding time step and update can be governed by the following at
time step tj:

j

∑v
n =i

i max

∆t ≥

Rnbr
2

(2.16)

where ti is the time step from the last update of the Verlet lists and ∆t is the simulation
time step interval. Increasing Rnbr reduces the update frequency but increases the
number of potential neighbouring particles and CPU time. Often as discrete element
models contain a large number (>106) of simple and complex shaped particles and
boundaries, neighbour searching methods can become a computational bottleneck
(Perkins and Williams 2001).
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2.10.5 Equations of Motion

In DEM modelling the discrete particles experience two types of motion, translational
and rotational, both governed by Newton’s laws of motion. The forces and torques
acting on a particle result from the interactions of neighbouring particles, boundaries
and non-contact forces such as electric fields, capillary forces, van der Waals forces and
particle-fluid interactions. The governing equations for the translational and rotational
motion of particle i with mass mi and mass moment of inertia Ii given by 2/5miRi2 for a
spherical particle can be written as:

ki
dvi
= mi g + ∑ ( Fn + Ft ) ij
mi
dt
j =1

Ii

ki
dϖ i
= ∑ T ij
dt
j =1

(2.17)

(2.18)

where vi and ωi are the translational and angular velocities of particle i, respectively,
(Fn + Ft)ij and Tij are the contact force and torque acting on a particle i by either particle
j or a boundary at any given time. The forces involved are the gravitational force mig,

the normal Fn and tangential Ft contact and non-contact inter-particle forces which are
summed over the ki particles in contact with particle i.
Particle rotation is generated by a torque Tij caused by the inter-particle forces acting at
the contact point of particle i. Figure 2.9 illustrates the generation of torque Tij on
particle i from the collision of spherical particles where Tij is given by:

Tij = Ri × Ftij

(2.19)

where Ri is the vector from the mass centre of the particle to the point of contact and Ftij
is the tangential contact force on particle i from contact with particle j. For spherical
particles Ri is simply the radius of the particle. For shaped particles using multi-element
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particle models by overlapping spheres, the contact detection is based on detection of
contact between the centres of the elemental spheres. The motion of a multi-element
particle is governed by the forces and moments transferred from the element spheres to
the centroid or centre of gravity of the particle as illustrated in Figure 2.16 and Section
2.10.8.1. For non-spherical particles the three principal mass moments of inertia IXX,i,
IYY,i and IZZ,i are required to compute the motion and torque of a particle accurately

about the principal axes.

Figure 2.9 Schematic two-dimensional illustration of the forces acting a on spherical
particle i from contacting particle j
Assuming that the accelerations and velocities of the particles are constant during a time
step, the translational vi and rotational ωi velocity of particle i can be computed based
on the forces acting on the particle during each time step, N, using a central difference
method or ”leap-frog” scheme (Allen and Tildesley 1987) and explicit numerical
integration as follows (Favier et al. 1999):

vi

( N + 12 ) = v ( N − 12 ) + a N ∆t
i
i

ϖi

( N + 12 ) = ϖ ( N − 12 ) + α N ∆t
i
i

(2.20)

(2.21)
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where viN+1/2 and ωiN+1/2 are the translational and rotational velocity of particle i
respectively at the new half time step tN-1/2 and viN-1/2, ωiN-1/2 is the translational and
rotational velocity of particle i respectively at the previous half time step tN-1/2 which are
stored in memory. During the leap-frog scheme the velocities determined from Equation
2.20 and 2.21 are evaluated first that ”leap” over the current time coordinates to provide
the velocities at the next half time step. The new position ri of particle i at time tN+1 (tN+1
= tN +∆t) can then be calculated as:

( N + 12 ) ∆t

ri ( N +1) = ri ( N ) + vi

(2.22)

where the new accelerations can be evaluated from the new forces acting on particle i
ready for the next time step. The velocities of particle i at the current time step tN are
calculated as follows

1 ( N + 12)
(N−1 )
vi N =  vi
+ vi 2 

2

ϖ i N = ϖ i
1
2

(2.23)

( N + 12) + ϖ ( N − 12) 
i




(2.24)

which can be utilised to compute any parameters and quantities that require the
positions and velocities at time tN.

2.10.6 Contact models

The interaction between a particle colliding with another particle or boundary can be
modelled by force-displacement contact models. When a particle is in contact with
another body a normal and tangential force is typically present on the particle at the
point of contact governed by the degree of normal and tangential overlap and rate of
displacement. Rolling also plays an important role at the contact surface on the
interparticle forces and influences the rotation behaviour of a particle. As it is difficult
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and complex to model the exact interaction between bodies in contact incorporating all
the geometrical and physical factors, DEM classically utilises simplified contact models
to efficiently compute the contact forces and torques (Zhu et al. 2007). Some of the
common contact models in literature are the linear spring-dashpot model (LSD) and the
Hertz-Mindlin and Deresiewicz model (Mindlin and Deresiewicz 1953) which are
discussed in detail in the following sections and have as a result been utilised in this
research due to their simplicity and efficiency. Other models available based on
simplifications of the Hertz elastic normal force displacement theory and the Mindlin
and Deresiewicz tangential force model include the Walton and Braun (1986a, 1986b)
semi-latched spring model for normal force-displacement and the Thornton and Yin
(1991) model which considers the incremental tangential displacements to be dependent
on the variation of the normal force. The Walton and Braun (1986a, 1986b) model is a
normal linear model that does not allow for tensile forces unlike the Luding (2008a)
model and is coupled with an incremental tangential model dependent on whether the
tangential force is increasing (loading) or decreasing (unloading) (Walton and Braun
1986b; Vu-Quoc et al. 2000). Thornton and Yin (1991) model incorporates the
complexities of elastic impact with and without adhesion, which adopts the JohnsonKendall-Roberts (JKR) model (Johnson et al. 1971) to model the normal loading of
adhered elastic spheres ideal for systems of relatively low Young’s modulus and large
particle diameters.

Di Renzo and Di Maio (2004) conducted a macroscopic scale comparison between
linear and non-linear contact models to investigate the accuracy of the models for
various applications against experimental results and the “exact” analytical solution
Maw et al. (1976) for smooth elastic spheres. The models compared were a LSD model
(Cundall and Strack 1979), a simplified no-slip Hertz-Mindlin model (H-M) (Tsuji et
al. 1992) and the complete Hertz-Mindlin and Deresiewicz model (Mindlin and
Deresiewicz 1953; Vu-Quoc and Zhang 1999). The study showed that the results
obtained from the simple contact models were not significantly different from those
obtained from the time consuming complex models and experimental results. However,
the simple H-M model was shown to produce poor results compared to the simpler LSD
model. Schäfer et al. (1996) also studied numerous linear and non-linear contact models
used in soft-sphered simulations to study the normal and oblique impact of spheres
against experimental data, such as the coefficient of restitution by viscous damping and
39

Chapter 2 – Literature review

normal and tangential force schemes. Although the degree of complexity varied
between contact models, Schäfer et al. (1996) could not state which contact model or
force scheme was the most appropriate for simulations and that numerous force schemes
should be tested to examine the effects of the free parameters on the flow properties.

A comparison between various soft-sphere contact models conducted by Stevens and
Hrenya (2005) quantified the coefficient of restitution and contact time numerically to
experimental results for steel spheres during normal impacts. The experimental results
indicated that the coefficient of restitution decreases with increasing velocity resulting
in the Walton and Braun (1986a) model with a variable coefficient of restitution and the
Kuwabara and Kono (1987) model showing the best agreement due to their elasticplastic and viscoelastic regimes respectively. The LSD and Hertzian based force models
typically exhibit a constant coefficient of restitution which is independent of the impact
velocity.

Contact models based on elastic contact mechanics, have a deficiency to account for
plastic deformation and can lead to inaccurate results regarding interparticle forces and
the frequency of contact (Vu-Quoc et al. 2004). The deformation of dry granular
materials, including cohesive materials tend to involve a proportion of plastic
deformation at the yield point as shown by the work of Tomas (2001a, 2004a) on
cohesive powders.

2.10.6.1 Linear spring-dashpot contact model

The most common and simplest contact model is the original LSD by Cundall and
Strack (1979) where a spring is used to model the elastic deformation and viscous
dissipation is modelled via a dashpot with no tension joints, as illustrated in Figure 2.10.
The general contact force F at the point of contact a particle is composed of the normal
and tangential components, Fn and Ft respectively:

F = Fn + Ft

(2.25)
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The normal force applied to the two discrete elements according to Newton’s third law

Fn = − K nδ n − Dnδ&n

(2.26)

where Kn is the linear spring stiffness either based upon the maximum allowable particle
penetration or the material elastic properties, δ n is the normal overlap, Dn is the viscous
damper coefficient defined in terms of the coefficient of restitution and δ&n is the normal
velocity or relative normal contact velocity.

Viscous damping is significant in contact models to maintain stability and account for
kinetic energy dissipation due to plastic deformation during contact and/or the
conversion kinetic energy to heat or sound energy. Without damping, no energy will be
consumed and the contact will be perfectly elastic (Malone and Xu 2008).

(a)

(b)

Figure 2.10 Schematic of a simple linear spring-dashpot contact model – (a) two
spherical particles in contact, (b) spherical particle colliding with a boundary
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Using Hertzian theory (Johnson 1985) the normal contact stiffness can be derived based
on the maximum strain energy in a perfectly Hertzian contact as (DEM Solutions 2010):

* 2
16 * 12 *  15m Vn ,rel
Kn = R E
1

15
*2 *
 16 R E






1
5

(2.27)

which is computed by solving for equivalent mass m*, the equivalent radius R* and the
reduced Young’s modulus of the contact E* where ν is the Poisson’s ratio of the
respective particle.
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(2.30)

To determine a suitable normal contact stiffness to ensure that the contact stiffness is
adequate at high impact velocities, Equation 2.27 is related to the colliding particle’s
relative normal velocity Vn,rel or impact velocity, which can be described as the
characteristic velocity. When evaluating the contact stiffness from Equation 2.27 the
characteristic velocity must be specified. It is dependent on the simulation environment
and can usually be based of the maximum particle velocity.

The normal viscous damping and energy dissipation is related to the coefficient of
restitution by considering the motion of two elements impacting each other and
separating in one dimension. The damping coefficient can be expressed as (DEM
Solutions 2010):
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Dn =

4m* K n
 π 
1+ 

 ln e 

2

(2.31)

where e is the coefficient of restitution. An alternative expression for Dn is derived by
Hustrulid (1997). To increase the computational efficiency the natural logarithms are
evaluated and stored prior to the main calculations. When a particle comes into contact
with a rigid boundary the mass of element j is infinite, simplifying the equivalent mass
expression (Equation 2.28).

The shear force at the point of contact is calculated as:

Ft = − Kt δ t − Dtδ&t

(2.32)

where the tangential stiffness Kt according to the original work of Cundall and Strack
(1979) is set to a specified ratio of the normal stiffness and tangential stiffness of
(Kn/Kt) ≤ 1. The tangential overlap δ t is incremented if the contact is an existing contact
as:

δ t = δ t old + ∆t ( vt ,i − vt , j ) − (ωi Ri − ω j R j ) 

( )

= δ t old + ∆t δ&t

(2.33)

where δ t old is the tangential overlap from the previous time step, (vt,i - vt,j) and
( ωi Ri − ω j R j ) is the relative tangential velocity at the point of contact from translational
motion and rotational motion, respectively and ∆t is the time step.

The maximum shear force is limited to the Coulomb slip friction force calculated as:

Ft max = Fn µ s

(2.34)
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where µ s is the specified static coefficient of friction between particles µ s p.p or between
a particle and rigid boundary µ s p.w. If the tangential force ignoring the damping force is
greater than the slip friction force (Equation 2.32), slippage has occurred and the
tangential force is scaled in magnitude to equal the maximum friction force or friction
limit. The tangential overlap is reduced to account for the slip and the tangential overlap
is calculated as:

δt =

Ft max
Ft
Ft
Kt

(2.35)

If slippage has not occurred and the tangential force is smaller than the friction limit the
tangential contact is damped in the same manner to the normal contact where the
tangential damping coefficient Dt is calculated by interchanging Kn with Kt in Equation
2.31.

The LSD contact model is utilised more often as the contact stiffness is lower compared
with the H-M contact model based on the maximum particle overlap. As the contact
forces are lower in the LSD model a time step can be used which can reduce the
computation time. Di Renzo and Di Maio (2005) concluded from their study that the
LSD is a good choice when the global motion of particles is of interest compared to
microscopic contact analysis where stress profiles are of interest. Once the contact
forces are evaluated the forces and moments are collocated and the influence of rolling
resistance on the particle dynamics are considered which is detailed in Section 2.10.6.4.

2.10.6.2 Hertz-Mindlin contact model

A more accurate and realistic method to model granular flow is the non-linear HertzMindlin no-slip (H-M) model by Tsuji et al. (1992) as reported by Zhang and Whiten
(1996). The Hertzian based contact model is similar to the rheological schematic shown
in Figure 2.10 but the elastic components are non-linear and the damping term is a
function of velocity and displacement. The normal contact stiffness Kn and tangential
contact stiffness Kt between two spheres is expressed by:
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Kn =

4 * *
E R
3

Kt = 8G* R*δ n

(2.36)

(2.37)

where G* is the reduced shear modulus. The tangential stiffness is a function of G*, R*
and δn for no-slip elastic contact as proposed by Mindlin (1949), which is the simplest
non-linear model. Allowing micro-slip to occur at the contact surface increases the
complexity of the relationship. Thus the tangential force models are simplified to
improve computational efficiency.
The relationship between the normal Fn and tangential Ft force and the normal δ n and
tangential δ t overlap is given by:

3
2
n n

Fn = − K δ

(2.38)

Ft = − K tδ t

(2.39)

The non-linear damping force during contact is expressed by the following general
relation (Raji and Favier 2004):

1
4

Fd = − Dδ δ&

D=2

5
ζ K H m*
4

(2.40)

(2.41)

where D is the general damping coefficient, ζ is the damping ratio as a function of the
coefficient of restitution defined by Tsuji et al. (1992) and KH is the material stiffness.
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KH =

2 Cn
3 δn

(2.42)

KH =

2 Ct
3 δt

(2.43)

ζ =−

ln e
2
( ln e ) + π 2

(2.44)

Solving Equation 2.40 to 2.43, the normal Fd,n and tangential Fd,t damping force is
expressed by the following linear expressions:

Fd ,n = −2

5
ζ Cn m* δ&n
6

(2.45)

Fd ,t = −2

5
ζ Ct m*δ&t
6

(2.46)

where Cn and Ct are the non-linear normal and tangential contact stiffness, respectively
which are dependent on the deformation and δ&n and δ&t are the relative normal and
tangential contact velocity, respectively.

Cn = 2 E * R*δ n

(2.47)

Ct = Kt = 8G * R*δ n

(2.48)

The maximum tangential stress and force is limited by Coulomb’s law of friction in a
similar method to the LSD contact model. When slip area covers the whole contact area,
gross sliding occurs where the tangential force is limited by:
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Ft ≤ µs Fn

(2.49)

Mindlin and Deresiewicz (1953) suggests that the tangential unloading path is different
from the loading path and reloading path due to the hysteretic behaviour and the
existence of micro-slip at the turning point. A modification to the Hertz-Mindlin model
by Di Renzo and Di Maio (2005) to improve the tangential force-displacement model
allowed for an uncomplicated model to gain the advantages and accuracy of the
complex Hertz-Mindlin and Deresiewicz theory to model granular flow.

2.10.6.3 Cohesion and adhesion contact models

Modelling the mechanisms between cohesive particles is crucial to understand and
simulate the behaviour of wet cohesive bulk materials. The following section details
several schemes to model adhesion and cohesion including:
•

linear cohesion model

•

JKR constant adhesion model

•

linear hysteretic, adhesion model

A simple method to model cohesion in DEM simulations is a linear spring model as
adopted by Asmar et al. (2002). A similar cohesion model implemented in the EDEM
code (DEM Solutions 2010) is an efficient model that incorporates a normal cohesion
stiffness Kcoh expressed by the cohesion energy density Ce per unit of volume (J m-3).
The normal cohesive force is proportional to the contact area Ac which is additional to
either the LSD or H-M normal repulsive force:

Fncoh = − Kcoh Ac = −π rt 2Ce

(2.50)

where rt is the tangential radius of overlap for elastic spheres dependent on δn shown in
Figure 2.11 and defined as (Johnson 1985):

rt 2 = 2 Rδ n

(2.51)
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Figure 2.11 Schematic of the linear cohesion contact model
Although the latter cohesion model does not directly apply an additional tangential force
to the point of contact, the tangential force calculations are based on the higher
repulsive normal force Fn, which allows the contact to withstand a larger tangential or
shear force prior to slippage. Effectively, the cohesion between elements is increased
and the coefficient of restitution is reduced as the normal repulsive force is reduced if
the damping force calculations are independent of the additional cohesive force. As
shown in Figure 2.12, at zero or a small normal overlap there is no adhesion or force to
separate the particles besides weight force in the linear cohesion model.

Figure 2.12 Schematic of the normal force-overlap curves for the linear spring-dashpot,
Hertz-Mindlin, Hertz-Mindlin – linear cohesion and Johnson-Kendall-Roberts models
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The Johnson-Kendall-Roberts (JKR) model (Johnson et al. 1971) extends the Hertz
theory by introducing the influence of adhesion and surface energy on the contact
between elastic solids. Their model predicts for systems of relatively low Young’s
modulus and large particle radius that the contact area is enlarged compared to the Hertz
theory due to the presence of the adhesive force. The JKR model has been widely used
in DEM simulations (Thornton and Yin 1991; Subero et al. 1999; Tuley 2007; Baran et
al. 2009; Bierwisch et al. 2009). For an elastic interaction the contact radius a
corresponding to the total normal force FnJKR is given by:

2 
3R*  JKR
a = *  Fn + 6γπ R* + 12γπ R* FnJKR + ( 6γπ R* ) 
4E 

3

(2.52)

or

JKR

Fn

4 E *a 3
=
− 4 πγ E *a3
*
3R

(2.53)

where γ is a constant for the surface energy per unit of contact area (J m-2) or generally
referred to as cohesive energy can be caused by the presence of not only van der Waals
force but also moisture or liquid binders. The term γ is a function of the work of
adhesion which is twice the surface energy for similar materials (Lee et al. 2008). The
adhesive force is additional to the elastic normal force and when there is no surface
energy present (γ = 0), one recovers the purely Hertz elastic model where a2 = δn/R*.
Increasing the surface energy per unit of area will lead to poor flowability to the point
where the bulk material will become sticky and furthermore bonded (Bierwisch et al.
2009).

The contact radius is related to the normal overlap δn by (Brilliantov and Pöschel 2004):

a2
4πγ a
δn = * −
R
E*

(2.54)
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which can have none, one or two solutions for a > 0. Therefore, the full JKR model is
more computationally intensive than the linear cohesion model as the contact radius
must be derived from the latter fourth order equation.

For small normal overlaps the total force is negative (adhesive) and becomes positive
(repulsive) for larger normal overlaps or contact area radii as shown in Figure 2.12. The
critical ”pull-off” force required to separate two spheres or bodies is

FnJKR
= −3πγ R*
,min

(2.55)

where there is no repulsive force present when there is no normal overlap, δn = 0.
Based on the linear elastic-perfectly hysteretic model of Walton and Braun (1986a)
shown in Figure 2.13, Luding (2005; 2008a) presents a model involving plastic
deformation and history dependent adhesion.

Figure 2.13 Schematic of the partially latching-spring model of Walton and Braun
(1986a)
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The normal repulsive, plastic and adhesive force is

 K1δ n
if K 2 (δ n − δ 0 ) ≥ K1δ n

Fn =  K 2 (δ n − δ 0 ) if K1δ n > K 2 ( δ n − δ 0 ) > − K cδ n

if − K cδ n ≥ K 2 ( δ n − δ 0 )
 − K cδ n

for loading,
for un/reloading,
for unloading,

(2.56)

where K1, K2 and Kc are the slopes of the lines shown on Figure 2.14 for loading,
un/reloading and unloading respectively with K1 ≤ K2. During loading the normal force
increases linearly to a maximum force at δmax overlap where δmax is retained in memory.
During unloading plastic contact deformation is represented by the force decreasing to
zero at overlap δ0 defined as:



δ 0 = 1 −


K1 
 δ max
K2 

(2.57)

If reloading occurs the force increases along the same line of slope K2 until the
maximum force is obtained, however if the overlap is still increasing the forces follows
slope K1 where the maximum overlap is updated accordingly.

Figure 2.14 Schematic diagram of the linear, hysteretic, adhesive force-displacement
(adapted from Luding 2005)
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Unloading below δ0 leads to adhesive forces until the minimum force Fnmin is obtained
at the minimum normal overlap δmin. Subsequent unloading leads to attractive forces
along the adhesive branch with slope Kc.

δ min =

( K1 − K 2 ) δ max
K2 + Kc

(2.58)

The nature of the hysteretic force-displacement model of Luding (2008) incorporates
viscous dissipation for collisions of particles with large relative velocities by the
correlation between the loading and unloading force slopes or stiffness constants. For
the dissipation of small collisions or deformations, an additional velocity dependent
viscous damping force can be added to normal force to achieve realistic interaction. The
drawback of the Luding (2008) model is that it is more complicated to implement due to
the conditional checking and storage of history parameters compared to other models
detailed above.

2.10.6.4 Rolling torque

Particle shape and surface asperities affects the flow of granular material. Logically
smooth spherical particles flow and roll better than rough, angular and non-spherical
particles. The dynamics of rolling deformable bodies are complex and not clearly
understood (Zhu and Yu 2006). Although the modelling of particle shape has improved
with DEM to model oblique impact trajectories, it is still difficult and inefficient to
model the randomness in particle shape and asperities. It is essential to incorporate an
analytical technique to characterise the rolling behaviour of a granular particle due to
hysteresis losses, viscous dissipation and geometrical properties. The contribution of
rolling friction has shown to be significant in DEM simulations to achieve physical or
numerical stability, for example formation of granular piles (Zhou et al. 1999; Zhou et
al. 2002; Rojek et al. 2005; Zhou and Ooi 2009), shear band results (Iwashita and Oda
1998; Ji et al. 2009), arching effects and silo discharge (Ferellec et al. 2001). Generally
the effects of particle spin about the vector, which joins the elements centres, is
neglected (Langston et al. 1995).
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The rolling resistance which opposes the rotation of a sphere in contact with a sphere or
boundary can be described in terms of a rolling torque Troll, as illustrated n Figure 2.15.
When two bodies come in contact, either both bodies are pure rolling or sliding or a
combination of both cases (Iwashita and Oda 1998). When a particle is rolling without
slipping where the translational velocity at the point of contact is zero, a rolling friction
torque must be applied (Brilliantov and Pöschel 1998).

Figure 2.15 Illustration of the rolling torque between a spherical particle in contact with
a rough or deformable boundary (left), non-spherical (middle) and rough (right) particle
in contact with a rigid boundary

A detailed review and analysis of the available rolling friction models in the literature is
presented by Ai (2010) where the reader is urged to examine to understand the principal
and limitations of the available models. The two most common models adopted in the
literature are the Coulomb-like rolling friction torque expressed by:

Troll ,ij = − µ r Fn ,ij Ri

ϖi
ϖi

(DEM Solutions 2010)

(2.59)

or

ϖi
Troll , ij = − µ r' Fn ,ij
(Zhou et al. 1999)
ϖi

(2.60)

53

Chapter 2 – Literature review

where µ r is the dimensionless rolling coefficient of friction and µr ' is rolling coefficient
of friction with units of length which are mainly related to the material properties, Fn,ij is
the total normal force on particle i from particle or boundary j, Ri is the radius of the
particle and ϖ i ϖ i is the unit angular velocity vector of particle i at the point of
contact. Although this model can dissipate energy, there is an inherent problem. When a
particle is quasi-static, an oscillating torque is produced on each particle which produces
a residual rotational kinetic energy that causes the particles in the system to creep and
leads to an unstable model over long simulation periods (Ai 2010).

The second method is a viscous model where rolling resistance is dependent on the
angular velocity is presented by Brilliantov and Poschel (1998):

Troll ,ij = − µ r'' Ri Fn ,ij ϖ i

(2.61)

where ϖ i is the angular velocity of particle i and µr " is rolling coefficient of friction
with units of seconds per radians. When a particle is stationary with no angular velocity
the latter model does not produce a quasi-static torque which is not ideal for modelling
pseudo-static applications.

Another less used model but improved rolling resistance model by Iwashita and Oda
(1998) is also dependent on the angular velocity between two bodies. The bodies torque
is balanced with an elastic spring and dashpot where the rolling stiffness and viscosity
coefficient are specified in the model. The elastic spring torque is dependent on the
relative angular velocity and a dashpot is incorporated into the model to maintain
numerical stability and the maximum rolling torque is limited by the product of the
rolling coefficient of friction µr ' and the normal contact force Fn. However, their model
is incomplete to model roll back and cyclic rolling where a more proficient model is
presented by Ai (2010).

The study by Zhou et al. (1999) on the formation of sand piles established that an
independency of the rolling friction on angular velocity was more effective. Comments
by Khan and Bushell (2005) showed that the model proposed by Zhou et al. (1999) is
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incomplete as it does not predict the rolling friction in all cases when rolling occurs
using their angular velocity dependent model. Although prematurely concluding that
adopting a rolling friction model independent of angular velocity was more effective,
later work by De Blasio and Saeter (2009) on rolling spheres on a granular bed suggests
that the rolling friction is nearly independent of the angular velocity of the bodies.

Methods to determine suitable rolling friction coefficients are not well developed to date
for granular materials to take into account all the geometrical and material properties.
Often numerical calibration simulations are required to “tune” and select suitable rolling
friction coefficients. Zhu and Yu (2003) selected the rolling friction coefficient based on
one percent of the sliding or static friction coefficient to achieve stable vertical flow
simulations while Zhang et al. (2004) selected 0.01 and 0.05 mm for the rolling friction
coefficient µr ' between particle contacts and boundary contacts respectively for size
segregation in granular chute flow. To obtain a realistic angle of repose during granular
pile formation, Zhou and Ooi (2009) selected a rolling coefficient µ r

p.p

of 0.3 using

Equation 2.59. The rolling friction model implemented in this thesis was the model
presented in Equation 2.59 as this model is the default model implemented in the
EDEM contact models and is a popular model used in industry and in the literature.

2.10.7 Numerical stability
Explicit integration and central difference time integration utilised in DEM requires a
calculation scheme with small time steps to maintain numerical stability. The
disadvantage of the scheme is that conditional stability imposes a limitation on the time
step where the time step ∆t must not be larger than a critical time step ∆tcr:

∆t ≤ tcr

(2.62)

A common approach used to determine the critical time step for Hertz-based models is
based on the frequency of Rayleigh waves to propagate across a particle or the time for
load transfer from one particle to adjacent contacting particles (Kremmer and Favier
2001b; Kafui et al. 2002; Li et al. 2005):
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tr =

ρs p
π Rmin
0.163ν p + 0.8766 G p

where Rmin is the smallest particle in the system, ρs

(2.63)

p

is the particle density, νp is the

particle Poisson’s ratio and Gp is the particle shear modulus.
Once the critical time step for the system is determined the simulation time step is
calculated based on a fraction of the critical time step dependent on the coordination
number of the system, typically between 0.2 and 0.4tr (DEM Solutions 2010). A
drawback of Equation 2.63 is that it does not consider the relative velocity of the
elements in contact and may give a time step that is too large. If the time step is too
large, the total energy of the system will increase due to excessive overlap between two
elements and this will cause simulations to become unstable and erratic or may cause
particles to pass through other particles or boundaries. If the time step is too small the
simulation will take longer to complete which is impractical.

For a single degree of freedom linear system considering a single particle without
damping solved using the central difference numerical scheme, the critical time step
determined by critical natural frequency is:

tcr = 2

m
K eff

(2.64)

where m is the mass of the particle and Keff is the effective contact stiffness governing
particle motion. An alternative approach to avoid unstable behaviour of an assembly of
particles is by considering an infinite series of masses and springs to calculate the
critical time step (Hustrulid 1997):

tcr =

mmin
Kn

(2.65)
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where mmin is the mass of the smallest particle and Kn is the normal linear contact
stiffness. A time step of 10 percent of the critical time step has shown to achieve stable
results (Hustrulid 1997; Liu et al. 2005a). O’Sullivan and Bray (2004) consider an
approach to calculate the critical time step based on the packing arrangements of the
particles and the type of motion experienced, either translational or translational plus
rotational.

A common method to determine a stable time step is by calculating the time step as a
fraction of the particle contact time tcontact. The period of collision for Hertzian elastic
impact is given by (Johnson 1985, p.353; Li et al. 2009):

tcontact


m*2
≈ 2.87  * *2
R E V
rel ,ij


1

5



(2.66)

where Vrel,ij is the relative velocity of element i and j.
For the LSD contact model the period of collision is obtained as (DEM Solutions 2010):

tcontact ≈

π
2
K n  (π ln e ) 


m*  1 + (π ln e )2 

(2.67)

To ensure the accuracy of the simulation the time step is typically selected to be about
1/50 of the contact period (Silbert et al. 2001; Bai et al. 2009) which is conservative.
Comparing the calculated time steps between the methods detailed above can allow for
an optimal time step for a system to achieve accurate results without excessive
computational time and resources.

2.10.8 Particle shape

Initially particles in DEM were often modelled as monosized spherical or disc elements
for simplicity (Cundall and Strack 1979). The drawback of modelling granular particles
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as spherical particles compared to real particles is the lower bulk strength, shear
resistance, lack of dilation during shear and unrealistic voidage distribution of the
particle assembly (Cleary 2004). However, to achieve realistic physical dynamic
behaviour to model complex processes and real world particle trajectories (Price and
Morrison 2007), shaped particle elements have been incorporated into DE modelling.
The common method to represent shaped particles is by clustering spheres to model
angular and non-spherical particles (Favier et al. 1999; Favier et al. 2001; Jensen et al.
2001; Gröger et al. 2003; Price et al. 2007; Härtl and Ooi 2008; Härtl et al. 2008; Chung
and Ooi 2008a; DEM Solutions 2010).

The clustering method works by overlapping spheres of arbitrary size whose centres are
fixed in position relative to the local particle centre of gravity as shown in Figure 2.16.
Most particle representation is focused on smooth-surfaced particles due to simplicity;
however, it has been proven that shaped particles with an aspect ratio greater than one
can change the bulk behaviour of a particle system and reduce the need to exaggerate
particle coefficients of friction of spherical particles to achieve realistic behaviour. Härtl
and Ooi (2008), Härtl et al. (2008) and Gröger et al. (2003) found that the particle
aspect ratio is a major contributor to the bulk internal friction of a specimen based on
extensive work of 3-D Jenike direct shear simulations. Cleary (2008) conducted a series
of 2-D shear cell simulations with periodic boundaries using a circular, squarish,
ellipsoidal and brick like shape where particle shape is found to sharply increase the
strength of a bulk material making it harder to shear. Simulations of both spherical
particles and shaped particles showed a dramatic increase in the internal friction angle
when shaped particles are implemented into the DEM model due to the greater degree
of particle interlocking.

Modelling shaped particles can change the packing geometry of a particle assembly
introducing more voids and greater porosity which is dependent on the roundness of a
particle and the particle aspect ratio (Jensen et al. 2001). Realistic particle shape
representation is useful to make it simpler and possible to model complex flow
behaviours such as mechanical arching (Favier et al. 2001; Datta et al. 2008), cohesive
arching and funnel flow in discharging silos or hoppers (Cleary and Sawley 2002; Härtl
et al. 2008).
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The inclusion of particle shape has demonstrated to have a strong effect on the flow of
particulate solids (Cleary and Sawley 2002; Markauskas 2006). Large scale applications
where internal particle shear is important such as particle flow in hoppers, mills,
draglines and mixers, the computational cost of implementing particle shape may be
viable to achieve realistic results. However, simplifications and optimisation of the
material parameters can result in flexible and quicker DEM simulations of large shaped
particle models. For large 3-D particle assemblies, using spheres may be more practical
to attain reasonable results. If possible 2-D DEM simulations of large particle
assemblies maybe more feasible to model complex particle interactions using shaped
particles (Cleary 2004).

2.10.8.1 Clustered particle model

Employing shaped particle representation into a DE model will certainly increase the
storage memory and simulation time required to run a simulation with the additional
particle elements introduced into the model when a multi-element particle model is
employed. The multi-element particle algorithm uses multiple spherical particles to
represent a solid rigid particle. However, every spherical element is utilised for the
contact detection algorithm where the local element contact particles are superimposed
on to the multi-element particle to compute the particle force and moment (Favier et al.
1999). Consider Figure 2.16 comprising of two spherical elements, A and B of radius RA
and RB, respectively.
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(a)

(b)

(c)

Figure 2.16 Method of transfer of forces acting on element spheres (A and B) to the
centroid of a multi-element particle, (adapted from Favier et al. 1999)

The contact forces are determined at all contact points. The total contact force of
element sphere A is:

C

FA = ∑ FnAc + FtAc

(2.68)

c =1

where Fn and Ft are the normal and tangential contact forces respectively at contact
point c and C is the total number of contacts which are transferred to the centre of each
element sphere as illustrated in Figure 2.16(a) and (b). The total moment about the
centre of element sphere A due to tangential contact forces is:

C

TA = ∑ ( RA × FtAc )

(2.69)

c =1

where RA is the distance from the centre of element sphere A to the contact point. The
total moment acting on the particle shown in Figure 2.16(c) from the moments
generated by tangential forces acting on each element sphere Ts and the forces which do
not pass through the particle centroid Fs is:
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S

Tp = ∑ ( d s × Fs ) + Ts 

(2.70)

s =1

where ds is the distance from the centre of element sphere s to the centroid of the
particle, S is the total number of element spheres within a particle. The total unbalanced
force acting on the particle is the sum of the resultant contact forces Fs acting on the
element spheres:

S

Fp = ∑ Fs
s =1

(2.71)

The translational and rotational acceleration of the particle can be computed using the
total force and moment acting on the particle according to Newton’s second law of
motion as outlined in Section 2.10.5. Precise calculation of the rotational acceleration of
non-spherical particles required the mass moment of inertia to be computed with respect
to a particle’s centre of gravity.

2.10.9 Calibration

To calibrate and validate DEM models, comparisons between physical and numerical
experiments have to be carried out. Favier (2007) identifies the need to develop robust,
generic techniques for calibrating DEM models for real bulk materials by using standard
benchmark tests on well defined experiments to provide a reference point for industrial
as well as academic users of DEM technology. There has been a significant amount of
research concluded to date to directly measure single particle mechanical and solid
properties, such as the modulus of elasticity, Poisson’s ratio, particle density, friction
coefficients and surface roughness. However, it is not always practical or realistic to
define the bulk characteristics of materials in the discrete particle modelling of
industrial applications. Similarly, extensive research has been conducted to develop
techniques to measure the strength, flow characteristics and yield properties of granular
materials (Schwedes 2003); however, these characteristics typically define the dynamic
flow behaviour of a granular material at a macroscopic level to support continuum
modelling but are usually incapable of providing insight into the microscopic
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characteristics of granular materials. Asaf et al. (2007) expresses a common difficulty
experienced by many DEM users to determine model parameters for bulk materials in
practical DEM engineering simulations. The following sections outline numerous small
scale experiments that have been developed to measure and calibrate DEM model
parameters.

2.10.9.1 Direct shear cell test

Direct and annular shear testers have been a classic and validated apparatus for
measuring the flow properties and mechanical properties of granular materials. To
study the mechanisms governing the quasi-static behaviour of granular matter, direct or
annular shear tests are performed numerically and compared to physical experimental
results (Gröger et al. 2003; Theuerkauf et al. 2003; O'Sullivan et al. 2004; Liu et al.
2005a; Ning and Ghadiri 2006; Härtl and Ooi 2008; Coetzee and Els 2009). To date the
majority of the numerical work has been conducted using spherical particles where there
is a lack of comparison of direct shear numerical simulations to physical experimental
results with non-spherical granular materials. The understanding of the microscopic
mechanics on the macroscopic properties of particulate materials such as friction
coefficients, particle contact forces and stress tensors is insufficient at present. Wang et
al. (2009b) have successfully obtained some macroscopic information about the stress
tensors and internal friction coefficients for shear flow in an annular shear cell. In a
direct shear test illustrated in Figure 2.17, a consolidated bulk material is placed in a
split cell which is laterally sheared by moving the top half of the cell at a constant
velocity to hopefully form a thin well defined shear zone. Often the numerical DEM
simulations are simplified where only a small section or plane is numerically simulated
by the use of periodic boundaries (Gröger et al. 2003) or 2-D simulation (Liu et al.
2005a). A yield locus, as illustrated in Figure 2.18, is formed by a series of shear points
which depict the relationship between the inter-particle friction and the effective angle
of internal friction (Schulze 2007, p.62).
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Figure 2.17 Jenike shear cell arrangement for shear testing for instantaneous flow in
initial offset position
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Figure 2.18 Mohr-Coulomb failure criterion according to Jenike’s (1961) assumptions

Numerical shear simulations are conducted under constant normal stress conditions
according to the Coulomb failure criterion (Liu et al. 2005b; Liu 2006; Landry et al.
2006a; Härtl and Ooi 2008) and the Coulomb-Mohr failure criterion (Gröger et al. 2003;
Theuerkauf et al. 2003; Thornton and Zhang 2003; Tykhoniuk et al. 2003; Theuerkauf
et al. 2004) adopted in bulk materials handling according to Jenike’s assumptions
(1961). A simple shearing technique to obtain steady-state shear τ can be conducted by
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shearing a material under minimal or no pre-consolidation according to the Coulomb
failure criterion (Nedderman 1992, p.23):

τ = σ n tan ϕ + c

(2.72)

where σn is the normal stress, φ is the angle of internal friction and c is the cohesion (i.e.
intercept of the failure envelope with the τ axis).

The combination of the Coulomb criterion and the Mohr criterion led to the well known
Coulomb-Mohr failure criterion. This analysis is based on the principle that slip or
failure along a plane will only occur when the Mohr circle tangential touches the
Coulomb line or yield locus. The state of stress in a bulk solid can be represented by the
Mohr criterion:

sin δ =

σ1 − σ 2
σ1 + σ 2

(2.73)

where the effective angle of internal friction δ is a function of the minor principal stress

σ2 and the major principal stress σ1. The Coulomb-Mohr failure criterion is not valid
when a Mohr circle cuts the yield locus.
During shear deformation of a loosely packed specimen, particles move against each
other resulting in a shear stress. As the shear deformation increases the specimen begins
to compact, increasing the bulk density of the specimen forcing a greater number of
particles to be in contact with each other and the frictional forces to increase. Steadystate flow or plastic deformation occurs when the bulk density remains constant with no
further compaction and the maximum possible shear stress is obtained for a specified
normal load. For a bulk solid to start flowing, the shear stress in the shear zone has to be
sufficiently large to cause the particles to move relative to each other and for the
material to yield or for incipient flow to occur. Additional shear deformation after
failure causes the material to dilate as particles move slightly upwards creating stress
chains or columns which are continuously generated and fail (Sammis and Steacy
1994). After failure the distance between particles increases, adhesive forces reduce and
the strength of the bulk material decreases. The shear stress on the slip plane for an ideal
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Coulomb material is linearly dependant on the normal stress acting on the slip plane and
typically independent on the rate and duration of shear deformation (Nedderman 1992,
p.23).

Theuerkauf et al. (2004) conducted the numerical shear tests in the same sequence of
the physical testing procedure of the JST and the Schulze ring shear tester where the
material is critically consolidated by pre-shearing and then the material is sheared to
failure or when incipient flow occurs. The results for the direct shear test of spherical
particles showed that with increasing inter-particle friction the effective internal friction
angle increases non-linearly. Numerical simulations of the Jenike wall friction tester
were also conducted by Theuerkauf et al. (2004) to investigate the influence of the wall
friction coefficient between particles and a wall material on the kinematic wall friction
angle φw. The results from the wall friction test also showed that with an increase of the
wall friction coefficient increases nonlinearly for spherical particles. The effect particle
shape has on the bulk properties was also examined and indicated that the degree of
complexity and irregularity increased the internal and wall shear resistance of the bulk
material relative irregularity of the particle shape.

Härtl and Ooi (2008) conducted an extensive investigation on spherical glass beads and
paired glass beads to study the influence particle shape, contact friction and stress levels
has on the steady-state shear limit. DEM simulations were compared to experimental
observations where three filling techniques of the shear cell were performed; central
using a funnel, rainfall using a sieve and compacted by layering. The porosity and
subsequently the bulk friction displayed a dependency on the sample preparation
method where the low porosity achieved by compaction exhibited maximum shear
strength. Material sample preparation and packing structure has proven to have a
significant influence on the bulk behaviour of a material (Schulze 2007, pp.113-29).
The results of the investigation showed good quantitative agreement between physical
and numerical experiments even with the shear modulus scaled down 100 times in the
numerical simulations. However, using the measured shear modulus of glass resulted in
a stiffer initial bulk response compared to physical response. The relation between the
particle or contact friction was also observed to be non-linear to the bulk friction as
proposed by Theuerkauf et al. (2004). Therefore, direct numerical shear tests can be
ideal to investigate the effects that particle shape, size and angularity (Cleary 2008), and
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material properties such as friction, particle stiffness and damping coefficients have on
the bulk material behaviour under confined or compacted flow.

Landry et al. (2006a) conducted a series of numerical direct shear tests as a calibration
procedure to determine material parameters required to model the flow of organic
fertilizers (Landry et al. 2006b; Landry et al. 2006c) along with other values from
literature. A detailed sensitivity analysis was performed to examine the influence that
the parameters defining the linear and simplified Hertz-Mindlin contact model included
in the DEM code PFC3D (Itasca 2003) using clustered particles. The sensitivity analysis
revealed that for the internal friction angle using the linear contact model is influenced
by the ratio of the shear to normal stiffness and the Young’s modulus and friction
coefficient to a lesser extent. For the simplified Hertz-Mindlin contact model the shear
modulus affected the angle of internal friction and the apparent cohesion while the
Poisson’s ratio had little influence on the angle of internal friction and apparent
cohesion.

Examples of case studies where direct shear tests have been utilised to calibrate the bulk
internal particle friction to predict silo flow patterns or bucket filling patterns, discharge
rates or the normal wall pressure distribution include the work by Theuerkauf et al.
(2003), Härtl et al. (2008) and Coetzee and Els (2009).

2.10.9.2 Angles of repose

The angle of repose is the slope of a pile surface or the slope of a bed surface to a
horizontal surface. The angle is dependent on the Coulomb static friction coefficient
between particles (Lee and Herrmann 1993) but may vary with moisture content,
particle size and distribution, particle shape, cohesion and compaction (Arnold et al.
1978). The definition of the angle of repose varies depending on the conditions and
procedure either a pile or bed is formed. Figure 2.19 illustrates the various types of
angles of repose. The poured angle of repose is the slope of the pile surface formed on a
horizontal surface by pouring the bulk material through a funnel or conical hopper
which is either fixed or moving upwards at a constant velocity. The drained angle of
repose is the slope of the material surface remaining in a container once the container
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has been drained or discharged. The container typically has a flat bottom where the
container can either have a conical or plane shape with a central discharge point. The
drained angle of repose can vary depending on the preconsolidation of the material prior
to discharge and has no relation to how a material will form when poured especially if
cohesive. The dynamic angle is the slope of the bed surface to the horizontal when a
bulk material is slowly rotated in a cylinder to allow the material to continually slip or
cascade. The dynamic angle of repose may vary depending on the filling degree, air
entrainment due to constant motion of the material, wall friction coefficient and Froude
number of the system given by (Ding et al. 2001):

Fr =

ϖ 2 Rcylinder

(2.74)

g

where ω is the angular velocity of the cylinder, Rcylinder is the radius of the cylinder and
g is the gravitational acceleration.

(a)

(b)

(c)

Figure 2.19 Definition of the angle of repose- (a) poured angle of repose, (b) drained
angle of repose, (c) dynamic angle of repose
The angle of repose is not an intrinsic property of a bulk material and does not provide a
quantitative statement about the flowability of a bulk material under consolidated
conditions experienced in silos, hoppers and feeders (Arnold et al. 1978; Schulze 2007,
pg. 173). However, the angle of repose is often used as a qualitative tool to compare
flowability between materials where Hill (1987) developed a basic guide to determine
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the flowability of a bulk material depending on the poured angle of repose given by
Table 2.2.

Table 2.2 Guide for determining the flowability of a bulk material based on the angle of
repose
Angle of Repose (deg)
Flowability
25-30
Very free flowing
30-38
Free flowing
38-45
Fair flowing
45-55
Cohesive
>55
Very Cohesive
Often experiments are conducted both physically and numerically to calibrate the
interparticle friction, rolling friction and particle shape using various procedures to
compare the angle of repose. Although it would be ideal to conduct numerical direct
shear tests to examine the relationship between the interparticle friction coefficient and
the bulk or internal friction angle under a compacted state, the time required to setup the
model, run the simulation and analyse the results can be rather consuming compared to
simpler experiments such as slump tests (Hastie 2010), granular pile formation (Rojek
et al. 2005) and rotating drum tests (Gröger and Katterfeld 2007a). Depending on the
dynamics and conditions of the full scale DEM simulations, these small scale
calibration tests can be of greater value and significance in representing the dynamics of
granular flow compared to more complex experiments. The aim of the calibration
process is to design experiments that best imitate the full scale particle behaviour.
Coetzee and Els (2009) conducted a series of experiments to develop and validate a
calibration process to determine the material parameters for DEM simulations of silo
discharge and bucket filling using cohesionless corn. Direct shear tests and confined
compression tests are conducted to calibrate the particle stiffness and friction
coefficients which are verified by a poured angle of repose test that displayed good
agreement with experimental results. This process demonstrated that DEM could
accurately model the complete discharge of a silo with a good correlation between
measured flow rates and observed discharge patterns. The forces acting on the bucket
and the flow behaviour during the filling process matched well to the observed
behaviour and measured forces.
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Bierwisch et al. (2009) and Rojek et al. (2005) utilised the drained and poured angle of
repose to calibrate and validate particle parameters for rapid granular flow in cavity
filling. Other researchers that have investigated the angle of repose of pile formation for
the purpose of DEM contact model validation, force distribution or to examine the
dependency of parameters on the angle of repose include Baxter et al. (1997), Buchholtz
and Pöschel (1994), Chung and Ooi (2008b), Fazekas et al (2005), Franz (2007), Gröger
and Katterfeld (2007a), Lee and Herrmann (1993), Li et al. (2005), Liffman et al.
(2001), Liu and Zhou (2008), Luding (1997), Matuttis et al. (2000), Smith and Tüzün
(2002), Tüzün et al. (2004), Zhou et al. (1999), Zhou et al. (2001, 2002), and Zhou and
Ooi (2009). However, the work of Luding (1997) and Lee and Herrmann (1993) ignore
the rotation of particles or tangential forces which leads to several shortcomings and
unrealistic behaviour especially for spherical particles.

To investigate the various phenomena of particle flow, such as slipping motion,
cascading motion (mixing), cataracting (crushing) and segregation, small scale studies
of bulk flow behaviour in rotating horizontal drums (Mellmann 2001; Liu et al. 2005b)
have great significance to understand the particle kinetics of mixing, drying and
grinding (Cleary et al. 2003; McBride et al. 2004; Khanal and Morrison 2009) in many
industrial applications. The bulk behaviour of flow in a rotating drum depends on the
interactions between particles and between the drum wall, which have been studied
intensively using DEM (Walton and Braun 1993; Wightman et al. 1998; Yang et al.
2003a; Pandey et al. 2006; Yang et al. 2008b; Freireich et al. 2009) as a cost-effective
alternative to non-invasive equipment, such as a positron emission topography,
magnetic resonance imaging and positron emission particle tracking (Yang et al.
2003a). A rotating drum is ideal to examine the dynamic angle of repose but is also
ideal to understand the effects of cohesion from interparticle forces resulting from the
presence of wetted fluids on the free surface (McCarthy 2003; Alexander et al. 2006;
Brewster et al. 2009; Liu et al. 2009). However, the presences of a fluid makes it
difficult to define the dynamic angle of repose due to the zigzag pattern of the free
surface from the stickiness and cohesion between particles, which is observed both
numerically and physically by Alexander et al. (2006) and Liu et al. (2009).
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2.10.9.3 Other methods

As there are numerous regimes of flow in the real world, a single small scale experiment
can not be used to calibrate all flow behaviours. Some other methods utilised to
determine DEM model parameters include confined compression tests (Chung and Ooi
2008a, 2008b; Coetzee and Els 2009), also called oedometer tests, pod penetration tests
(Asaf et al. 2007; Chung and Ooi 2008b), mixing experiments (Curry et al. 2009) and
hopper discharge experiments (Curry et al. 2009).

A confined compression test investigates the mechanical response of a granular material
subject to a stress along the vertical axis and the load transfer to the containing walls.
Coetzee and Els (2009) examined the confined Young’s modulus of the bulk material
and the effect of numerical particle stiffness and particle friction on the confined
stiffness but did not investigate the lateral pressure ratio or loads transferred to the
containing wall unlike Chung and Ooi (2008a). Both Coetzee and Els (2009) and Chung
and Ooi (2008a) investigated the mechanical behaviour of corn grain and observed
similar behaviour although different contact models were implemented; linear spring
with no damping and H-M contact model, respectively. The DEM simulations showed
that particle stiffness directly influences the confined Young’s modulus and the
interparticle friction affected the loading on the container wall only where lower
interparticle friction resulted in a larger lateral pressure ratio. Comparison between
physical experiments provided useful insight on the role of DEM parameters on the bulk
response of granular assemblies under confined compression. The influence of the
particle stiffness on the force required for a rod to penetrate a particle assembly of glass
beads was minor according to the work of Chung and Ooi (2008b). However, when the
particle stiffness was reduced by 104 times the fluctuations in the force appeared to
reduce.

Curry et al. (2009) developed an optimisation technique shown in Figure 2.20 which
utilises a control loop to best match dependent variables from the physical and DEM
experiments such as torque, mass flow rate, angle of repose and force. Once a set of
initial DEM parameters are specified the control loop initiates a series of DEM
simulations and compares the DEM results to the objective function until the parameters
are optimised and the error is acceptable. An optimisation algorithm based on the
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sensitivity of each DEM parameter is used to reduce the number of simulations
required, overshoot and the time to complete the process.

Figure 2.20 Schematic of the DEM parameter optimisation process (Curry et al. 2009)

2.10.10 Validation

Initially, DEM was used as a qualitative tool to investigate basic mechanisms of particle
flow due to the lack of computer power. Originally DEM models were simple, where
disks were implemented instead of spheres or complex shapes and quantitative
agreement between real behaviour and numerical results were not expected. Inevitably,
as computer technology improved the capabilities to perform full scale experiments and
3-D simulations allowed for better experimental validation and quantification of DEM
models, such as contact models, particle shape representation and coupling techniques
to combine DEM with continuum analysis methods to model particle-fluid (CFD),
particle-structure (FEA and MBD) and particle-electrostatic interactions. If the results
between simulations and experiments disagree, the source of the error is due to
disagreement between conditions (Tsuji 2000).
Ooi (2009) highlights the lack of case studies in the literature of careful validation of
simulation results to closely matching experimental data in addressing the question of
whether DEM is capable of producing quantitative predictions, rather than only
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qualitative representations of particulate systems. To convert DEM from a foreseen
scientific tool into a practical predictive design tool for industry, there is still more work
required in validation of DEM simulations to establish predictive capabilities and
methodologies to calibrate DEM model parameters to achieve quantitative predictions.

Table 2.3 highlight various work conducted which has validated DEM results to
experimental data in varying degree of detail. Table 2.3 focuses on bulk materials
handling related applications of various length scales but does not include validation
work of bench scale experiments such as direct shear tests, confined compression tests
and granular pile formation (poured and drained angles of repose).

Table 2.3 Summary of validation work related to bulk materials handling applications
Application
Reference
Conveyor transfer stations, chutes and (Wu 2006; Katterfeld et al. 2007; Pinson
trajectories

and Wright 2007; Katterfeld and Gröger
2008; Hastie et al. 2008a, 2008b; Hastie
and Wypych 2009; Kessler and Prenner
2009; Hastie 2010)

Bucket elevators

(Katterfeld and Gröger 2007)

Hopper discharge

(Anand et al. 2008; Coetzee and Els 2009;
Markauskas and Kačianauskas 2009)

Screw conveyors

(Landry et al. 2006b; Minkin et al. 2007;
Owen and Cleary 2009)

SAG mills, tumbling mills, rotating drum

(Wightman et al. 1998; Cleary et al. 2003;
McBride et al. 2004; Alexander et al.
2006; Pandey et al. 2006; Freireich et al.
2009; Liu et al. 2009)

Olds elevator

(McBride and Cleary 2009)
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Reviewing Table 2.3 it is clear that there is a lack of validation in industrial bulk
materials handling applications. Although it would be ideal to conduct more detailed
industrial validation on full scale equipment and models, it is not always possible and
cost effective to do as it would be difficult to convince operators to allow down time on
equipment to setup equipment and record data. In many applications it would be
difficult to accurately calibrate data acquisition systems and have the required access to
the material flow to view the particulates and setup appropriate equipment due to the
enclosed nature of many designs. Scale modelling of conveyor transfers (Hastie et al.
2008a, 2008b; Kessler and Prenner 2009), grinding mills (McBride et al. 2004), silos
(Coetzee and Els 2009) and other applications is a cost effective way to achieve partial
validation of particulate flow. However, due to the lack of full scale validation there is
uncertainty in the scaling of input parameters used in DEM simulations such as particle
size distribution, particle shape, particle stiffness and friction coefficients which
requires further study. The validity of particle size and stiffness scaling to simulate large
DEM models in feasible time frames is also another challenge which needs to be
addressed to further develop valid industrial exploitation of DEM.

2. 11 Wall Friction

The friction between a bulk solid in a plastic stress state and a rigid elastic surface or
boundary is known as wall friction. Wall friction is regarded as the most important
measurable flow property for silo design, chute design and for the general performance
of equipment and plants (Schulze 2007, pg.69; Bradley and Berry 2009). Traditionally,
wall friction has been determined by utilising a standard JST, as illustrated in Figure
2.21, where a ring filled with the bulk material is sheared against a sample wall material
under conditions of decreasing applied normal force (stress). The variations in shear
stress is measured as shown in Figure 2.22 and as described in the procedure by ASTM
International (2006) and the Institution of Chemical Engineers (1989). The kinematic
wall friction angle φw is measured from a wall yield locus (WYL) shown in Figures 2.23
and 2.24 which describes the wall shear stress τw required to move a bulk solid
continuously across a wall surface under a certain wall normal stress σw at steady-state
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conditions (Schulze 2007, pg.70). The original JST operating shear rate VS is 2.69 mm
min-1 when powered by a 50 Hz power supply (Institution of Chemical Engineers 1989).

Figure 2.21 Wall friction test using a Jenike direct shear tester

τw 11
τw 10

Decreasing σw

Shear Stress (τw)

Steady-State Region

τw 1

Time

Figure 2.22 Shear stress versus time in a wall friction test
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τw 10
Shear Stress (τw)

Wall Yield Locus

τw 1

Note: τw 11 ignored

φw
Normal Stress (σw)

Wall Friction Angle (φw)

Figure 2.23 Example of a wall yield locus

Normal Stress (σw)

Figure 2.24 Wall friction angle versus normal stress

The recommended maximum diameter of the coarse particles during shear testing has
changed over time where the original work conducted by Jenike (1961, p.188) involved
screening the material with an aperture size of 0.841 mm. Later publications by Arnold
et al. (1982) recommended that particle size be increased to 2.36 mm and more recently
4 mm (Institution of Chemical Engineers 1989; ASTM International 2006). Generally
coarse particles do not develop internal shear strength until fine particles bind to them
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and therefore the yield strength of a bulk solid is dependent on the properties of the
fines. The recommended maximum particle size is critical for internal yield strength
testing to achieve reliable and repeatable results. In most situations the same prepared
homogeneous sample is used for the majority of bulk solids characterisation tests
including wall friction angles. The size of the particles eligible to conduct wall friction
tests is consequently restricted by the size of the shear cell, therefore particles greater
than 4 mm can be tested but it is not recommended.

The kinematic wall friction angle φw is defined as:

τw 

σ w 

ϕ w = tan −1 

(2.75)

The normal wall stress σw is calculated based on the normal mass or force above the
shear plane as follows:

σw =

( mw + mR + mc + mbl ) g
As

(2.76)

where mw, mR, mc and mbl is the mass of the applied weight, ring, cover and bulk
material, respectively, g is the acceleration of gravity and As is the cross-sectional area
of the shear cell.

The WYL has three regions of interest for bulk materials handling applications. The
high normal pressure region is important for hopper design while the low pressure and
negative normal pressure region is of interest for chute design and other applications
where carry-back, caking and self-cleaning are important. Generally φw is dependent on

σw especially at low pressures where the friction angle can noticeably increase due to
cohesion. A limitation of the JST is the inability to obtain shear stress data at zero and
negative normal pressure to determine the cohesion and adhesion respectively without
extrapolation (Roberts et al. 1993).
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Inverted shear testers can obtain a WYL at low or negative normal pressures depending
on the cohesiveness of the bulk solid. Roberts et al. (1993) compared the results
between a JST and an inverted shear tester using a 95.25 I.D. shear cell. The small
inverted shear tester gave larger shear stress at higher normal pressures compared to the
JST and is sensitive at low normal pressures due to the design arrangement of the tester
providing non-uniform normal pressure distribution. Scott and Keys (1992) investigated
wall friction angles of thermal washed coal on rusted structural steel plate, stainless
steel 3CR12 with a 2D finish and high density polyethylene using a JST and inverted
shear tester with a 310 I.D. shear cell. The aim of the investigation was to examine the
influence particle size distribution, normal wall pressure and shear cell size has on wall
friction angles over a range of wall samples, which is a rare study conducted in the
literature. Although the study was basic, the results from the large inverted shear cell
gave similar results to the JST for similar combinations of bulk materials and wall
samples. Some other observations from the study included:
•

Wall friction angles are significantly influenced by the particle top size and
surface roughness. The maximum wall friction angles were obtained on the
minus 4 mm samples and the lowest on the minus 25 mm sample. However, the
variations between the highest and lowest friction angle based on particle size
did vary between wall samples, which can result in large design variations of
hopper half angles and chute designs.

•

When a bulk material is subject to large normal pressures such as 50 and
100 kPa, the variation between wall friction angles based on particle top size is
minor.

•

The wall friction angle showed a dependency upon whether σw is monotonically
decreasing or increasing. A decreasing normal pressure test similar to the JST
procedure showed a higher WYL, larger wall friction angles and more cohesion.

Prescott et al. (1999) also conducted a study using a JST to determine how wall friction
angles change on stainless steel wall materials with different surface treatments; mill
finish, 2B finish and shot peened. The bulk materials used were tetrapotassium
pyrophosphate, silicon carbide and gypsum where the material screened into several
distributions with a particle top size of approximately 4 mm. The study showed that
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generally the wall friction angles increase with decreasing particle top size and
decreasing normal wall pressure. However, there was a trend between many of the tests
where the wall friction angles initially decreased as the particle top size increased, then
as the particle top size decreased further, the wall friction angles increased. The reason
for higher wall friction angles with smaller particles has been related to the effects of
surface roughness and the particle and surface interactions (Roberts et al. 1993; Prescott
et al. 1999). As the particle size decreases for free flowing materials, the surface
roughness amplitude becomes larger than the particle diameter causing the particles to
become locked into the surface. The sliding of particles against particles requires larger
forces where the wall friction angles approach the internal friction angle.
The effect of shear velocity on the measurement of wall friction using a JST has been
investigated by Roberts et al. (1993) but further examination is still required. The results
for sand on polished mild steel at shear velocities of 4 and 17 m min-1 showed an
observable reduction in wall friction angle with increasing velocity. As higher shear
rates than the JST are typically encountered in bulk material handling applications, the
knowledge of wall friction versus shear velocity is necessary for design and wear
estimations. Using a similar apparatus to the linear wear test rig illustrated in Roberts
and Wiche (1993), Pillai et al. (2007) developed an on-line wall friction tester to study
to effects of velocity and compare results to the JST. The on-line wall friction tester
showed that the wall friction angles increased with increasing shear velocity for
“uncleaned” wall materials, differing from the observations of Roberts et al. (1993)
which show that wall friction angles decrease with increasing velocity on both the wear
test apparatus and the JST. However, Pillai et al. (2007) observed that when solvents
and a cloth are used to clean the wall materials between tests, the results from the online
wall friction tester at shear velocities of 0.01 and 0.1 m s-1 are essentially the same as
the results obtained from the JST.

Some other bulk solid and wall surface characteristics that influence wall friction angles
include:
•

moisture content

•

particle shape and hardness

•

undisturbed storage time
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•

temperature

•

bulk density

•

surface roughness of the particles and wall surface

The surface conditions of the wall sample and preparation techniques have
demonstrated to have significant effects on the wall friction angles. Pillai et al. (2007)
and Bradley and Berry (2009) show that long sliding distances are required to obtain
steady-state wall friction values and that the recommended Jenike shear test technique
(Institution of Chemical Engineers 1989) of rubbing the bulk material against the wall
sample is insufficient to condition the wall sample.
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Chapter 3 - DEM calibration experiments and material characterisation

3. 1 Introduction
A key challenge in the deployment of DEM to study particulate behaviour in a broad
range of applications to better understand particle flow dynamics is the development of
methodologies to select DEM model inputs from bench-scale tests (Cleary 2009).
Measurement of single particle properties such as the coefficient of restitution, Coulomb
friction, Young’s modulus of elasticity, Poisson’s ratio and solid density are possible
with available tests but are not always practical. Modelling exact single particle
behaviour and incorporating precise attributes of each particle (e.g. surface asperities,
particle shape, stiffness, hardness and size) is impractical or impossible for
heterogeneous materials due to irregularities in particle shape and size, non-uniform
surface asperities, inconsistency in moisture content and non-linearity of friction. The
direct implementation of some of these measured micro-scale particle properties can fail
to realistically model the macroscopic bulk behaviour of a particle assembly caused by
the simplification in particle shape representation requiring parameters to be optimised
to achieve realistic bulk behaviour.

This chapter outlines the strategy adopted to calibrate the material model which refers to
a unique set of material properties and interaction parameters developed for a contact
model and bulk material. The tests used to characterise a bulk material and the
experiments developed to create representative bulk material flow behaviours to match
against DEM simulations to develop a calibrated DEM material model are also detailed.
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3. 2 Bulk materials examined
Numerous bulk materials were selected for this research which were used to various
extents for the work conducted in this thesis. The bulk products examined in this
research included:
•

Alkatuff® linear low density polyethylene pellets (PP)

•

Washed black thermal coal (Coal)

•

Magnetite concentrate (Mag Conc)

•

Monohydrate grade bauxite (MGB)

•

Trihydrate grade bauxite (TGB)

The products above range from free flowing polyethylene pellets to cohesive wet coal
and bauxite. The bulk materials selected were ideal to examine the calibration of
cohesionless bulk materials such as polyethylene pellets, dry coal and bauxite using the
LSD and the H-M models and cohesive bulk materials such as moist coal and bauxite
using the linear cohesion and JKR adhesion model. Although magnetite concentrate is
listed above and is a highly cohesive product when moist, it was not used for DEM
modelling in this thesis but for wall friction testing examined in Chapter 9.

3. 3 Approach to develop a DEM material model
From an industrial perspective, calibration of a DEM model is critical to obtain realistic
and accurate results to a satisfactory level, otherwise when DEM is applied to high
capital cost applications, inaccurate DEM models can lead to costly mistakes and
unforseen problems during the design process. To date, the most common method to
evaluate suitable parameters in a DEM model for a bulk material is by trial-and-error
until the DEM predictions match the physical results or observations. The latter
procedure can be time consuming, inefficient and expensive resulting in DEM users
conducting quick and imprecise calibration that increases the risk associated with DE
modelling. To improve confidence that DEM simulation is realistic, some degree of
validation of the numerical model to experimental results is essential.
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Some important aspects to consider when developing calibration techniques include:
•

simplicity – complex and large DEM models and laboratory tests can be time
consuming to conduct and analyse results. Often non-invasive laboratory
equipment, such as magnetic resonance imaging and positron emission particle
tracking to measure particle characteristics is expensive and can be difficult to
setup without getting damaged by machinery or the bulk material.

•

accurate representation – the aim of calibration techniques is to directly correlate
the large-scale particle physics on a smaller scale.

•

computational time – the process of optimising DEM mechanical and interaction
parameters to match DEM data to laboratory data can be extremely time
consuming and costly if numerous parameters influence bulk behaviour.
Simulations that contain large quantities of particles will take longer to solve,
therefore the size and length of a DEM simulation should be optimised to allow
for trial-and-error of parameters. Although the trial-and-error method is not
ideal, it can be feasible if a logical tuning procedure is adopted such as limiting
the number of sensitive parameters and developing tests that isolate types of
particle interactions.

To improve and increase the efficiency of the DEM calibration procedure, this chapter
outlines a procedure adopted to develop a material model relative to the bulk material
flow behaviour being modelled using measured particle and bulk characteristics where
possible. A systematic approach has been implemented to minimise the number of DEM
calibration simulations required by measuring or approximating less sensitive
parameters and adjusting sensitive parameters only. Although a range of physical
experiments can be conducted to create a variety of different flow regimes and
behaviours as outlined in Section 2.10.9, the calibration tests developed or used in this
research have been designed to be relatively simple to set up and conduct. Carrying out
long and complex calibration tests that contain a broad range of particle and bulk
behaviour to generate a thorough material model is ideal but generally not feasible. The
tests have also been designed to be relatively easy and quick to conduct numerically in
EDEM.

Figures 3.1 and 3.2 show the key parameters and properties required to model particle
inertial properties, mechanical and elastic properties and the interaction of a particle
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with other particles (Figure 3.1) or boundary surfaces (Figure 3.2), which can be either
stationary or dynamic objects. Figures 3.1 and 3.2 also provide some examples of the
methods used to measure or calibrate properties in this thesis which are explained in the
following sections. This research has focused on characterising physical contact force
parameters of the contact model but has not addressed non-contact force parameters
such as particle-fluid and particle-electrostatic interactions. The application of DEM in
this study has been aimed at modelling particle flow behaviour under dynamic
conditions such as modelling rapid flow of bulk model through belt conveyor transfers
and has not examined quasi-static processes such as compression tests and internal shear
tests. Thus, the calibration tests have been selected and designed to replicate similar
bulk behaviour expected in the large-scale simulations examined in Chapters 6 and 11.

Figure 3.1 Various parameters and properties of the particle-to-particle interaction
material model
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Figure 3.2 Various parameters and properties of the particle-to-boundary interaction
material model
One important aspect of the numerical calibration process is an understanding of the
flow properties of the bulk material to be calibrated to accurately characterise the bulk
material numerically. Figures 3.3 and 3.4 show the methodology adopted to determine
the material model for the particle-to-particle and particle-to-boundary (or particle-towall) interactions, respectively. To obtain the calibrated material model efficiently with
minimal iterations of parameters in the DEM simulations, parameters that could be
approximated by physical measurements or available literature such as particle size
distribution, particle shape, E, ρs, ν, e and µs were done so and parameters such as µr, Ce
and γ were calibrated via bench scale tests.
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Figure 3.3 Flow chart of methodology to measure and calibrate particle-to-particle
interactions of the material model
To develop the material model for moist and cohesive bulk solids, a material model was
firstly developed for the product in a dry state based on flow property measurements
and bench scale test using cohesionless or dry product. Once µs and µr were determined
by either physical measurement or numerical “tuning” using the LSD or H-M contact
model, they remained unchanged while additional numerical calibration tests were
performed on the product in a moist state by simply increasing the cohesion energy
density Ce in the linear cohesion model or the surface energy γ in the JKR model. As the
linear cohesion and JKR model reduce, the repulsive normal contact force during
contact, the effective static friction between particles or particles and boundaries is
marginally increased above the specified µs p.p or µs p.w as explained in Section 2.10.6.3.
Approximating µs

p.p

and µs

p.w

based on flow property work using moist product can

result in conservative bulk friction angles in DEM simulations using the linear cohesion
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and JKR contact models. Thus the systematic approach outlined in Figures 3.3 and 3.4
is the methodology adopted in this study to calibrate cohesive bulk materials.

Figure 3.4 Flow chart of methodology to measure and calibrate particle-to-boundary
interactions of the material model

3. 4 Flow property testing and characterisation
The following sections outline the scope of standard tests conducted to estimate
parameters or properties such as particle size distribution, particle shape, E, ρs, ν, e and

µs. The latter properties were either directly implemented into the DEM models or were
slightly optimised and scaled to reduce computational time (scaling E, for example) or
obtain realistic properties such as bulk density due to simplifications made in the DEM
models such as particle shape representation.
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3.4.1

Moisture content test

If the total moisture content of a bulk material examined in this study needed to be
measured, the moisture content was determined according to Australian Standard 1038
Part 1 Method C (Standards Australia 2001), where three representative samples of the
bulk material were measured and placed onto Petri dishes. The samples were placed into
an oven set between 105 to 110°C and air dried to constant weight. The mass of water
lost during the drying process was calculated and the average moisture content of the
bulk material was evaluated and expressed as a percentage of the wet weight or wet
basis (%wb). The latter technique of expressing the moisture content as %wb has been
used in this thesis.

3.4.2

Particle size distribution analysis

Particle size distributions of coarse bulk materials were conducted using a dry sieving
technique outlined in Australian Standard 3881 (Standards Australia 2002) for particles
greater than 100 µm. Wet bulk materials were dried by placing the product onto trays
and allowing the material to dry at ambient temperature overnight. Particle size
distributions for fine bulk materials with particles less than 100 µm were conducted on a
Malvern Mastersizer 2000.

3.4.3

Solid density tests

The solid density of the bulk material was measured using a gas pycnometer and
hydrostatic weighing (also known as water displacement), which is an easy method to
verify the gas pycnometer measurements. The gas pycnometer, which was calibrated
prior to testing, was used to accurately measure the volume of the bulk material placed
into the sample chamber and the density is derived from the evaluated volume and
known mass. For porous bulk materials, the solid densities measured with the gas
pycnometer can often be marginally greater than expected especially for coarse
materials. Thus hydrostatic weighing was conducted using water and a measuring
cylinder to determine the displaced volume of a known mass of material.
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3.4.4

Loose-poured bulk density test

The loose-poured bulk density was measured to examine the loose packing and
volumetric flow (i.e. material stream thickness) of particles in the DEM models. The
loose-poured bulk density was simply measured by pouring a known mass of bulk
material into a measuring cylinder and recording the fill height. This procedure was
repeated numerous times to obtain an average bulk density at different moisture
contents if required.

3.4.5

Compressibility test

The relationship between the bulk density and normal consolidation pressure has been
determined using a compressibility tester consisting of a 63.5 mm diameter by
19 mm deep cell filled with the bulk material. The bulk material is compressed by a
known mass and the compression of the bulk material is measured using a dial indicator
to evaluate the volume of the cell and derive the relations between the bulk density and
normal consolidation pressure. The latter relationship has been measured to determine
the porosity of the bulk material at various normal consolidation pressures, which are
utilised in Section 4.8.

3.4.6

Coefficient of restitution test

The simplest method to estimate the coefficient of restitution e is to drop a particle from
a specified height onto another particle or wall material and measure the height of
rebound where e equals the ratio of the rebound to drop height. As the impact of
irregular shaped particles does not always result in central impact, e can be difficult to
measure by comparing the rebound to drop height, which is important to accurately
model energy dissipation during impact. For this reason the coefficient of restitution has
been measured using a Redlake X3 MotionPro high-speed camera to record impact of a
particle against another particle or wall material as shown in Figure 3.5. Particle
tracking software, Image-Pro Plus, was used to measure the velocity of a particle
impacting and rebounding off another particle or flat wall material. Particles that were
88

Chapter 3 – DEM calibration experiments and material characterisation

used as the base test sample (i.e. to measure ep.p) were specially prepared by filing two
sides of the particle to create a parallel and flat impact surface, which was secured to a
flat plate by glue if required, as shown in Figure 3.6. This was done to try and achieve
central impact and minimise oblique impact.

(a)

(b)

Figure 3.5 Measurement of coefficient of restitution – (a) test setup, (b) image from
high speed camera of the impact of two coal particles
Particles of varying size and shape were dropped three times each from heights of 200,
400, 600 and 800 mm to obtain an average coefficient of restitution for particle impact
velocities between 2 and 4 m s-1. The impact was recorded using the high-speed camera
set at 500 frames per second, which was found to be an ideal frame rate for post
processing in Image-Pro Plus.

Figure 3.6 Sample preparation of a bauxite particle to measure the coefficient of
restitution between two particles
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3.4.7

Tensile stress test

Although tensile strength testing is not a common test conducted to characterise a bulk
material, an Ajax tensile tester (Ajax Equipment) shown in Figure 3.7(a) was used to
measure the tensile strength of moist coal (see Figure 3.7(b)) at various normal
consolidation pressures. The Ajax tensile tester measures the failure strength 90 degrees
to the direction of consolidation, which effectively reflects the minimum principle stress
(i.e. weakest mode of failure). A sample of the bulk material was placed into the split
cell where excess material is confined by the retainer. The cover is placed on top of the
bulk material and the product was consolidated with a known mass. Once the product
was consolidated, excess material was scraped off and testing commenced. A known
force is applied to one half of the split cell until a crack appears or the material fails, as
shown in Figure 3.7(b). The tensile stress at the point of failure is evaluated and the test
is repeated for various normal consolidation pressures. The results obtained from the
tensile tester have been implemented in Section 4.8 to estimate the cohesion energy
density Ce in the linear cohesion model for calibration of the DEM material model.

Cover
Retainer

(b)
(a)
Figure 3.7 (a) Ajax tensile tester and (b) failure of moist coal sample

3.4.8

Internal shear and maximum strength determination test

Direct internal shear tests of the washed coal and bauxite samples were conducted using
the Jenike shear tester (JST) shown in Figure 2.17, where a complete description of the
testing technique is given in the Standard shear testing technique for particulate solids
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using the Jenike shear cell (SSTT) (Institution of Chemical Engineers 1989). The JST
has been used to assess the effective internal friction angle δ and flowability of a bulk
material based on the flow function which is a measure of bulk material’s internal
strength as a function of the unconfined yield stress σc and the major principal stress σ1
derived from the instantaneous yield locus shown in Figure 2.18. The JST has also been
used to estimate the moisture content of maximum strength which was conducted by
gradually increasing the moisture content of the bulk material and shearing the product.
The preconsolidated product was repeatedly presheared with 5 lb of additional normal
load and sheared to failure or incipient flow with 2 lb of additional normal load at
various moisture contents. The moisture content level which obtained the highest
preshear and failure shear stress was estimated to be close to maximum strength
conditions.

3.4.9

Particle-to-particle static friction test

The bulk materials used in this thesis for DEM modelling are generally course products
such as the coal, PP, TGB and MGB. The effective internal friction angle δ measured on
the JST of granular materials can often result in δ > 45° and when estimating µ s p.p based
on δ, µ s p.p can often be much greater than one (i.e. µ s p.p = tan δ). During internal shear
tests, particle inter-locking with coarse and angular particles often over predicts the
effective particle-to-particle friction, where δ is an effective “bulk” internal friction
angle derived by Jenike’s (1961) assumptions used for continuum mechanics based
analysis of the storage and flow of bulk materials (Jenike 1964).

To approximate the static friction between two dry particles, a simple inclination test
has been developed, shown in Figure 3.8, where particles with reasonably flat sides
(generally larger particles have a proportion of the particle which is flat) are secured to
the test rig which has a surface that inclines. A particle is placed on top of a base
particle, as illustrated in Figure 3.8 and is slowly inclined by a mechanism to the angle
where slip occurs. This angle is recorded and the test is repeated numerous times with
different particles of random size and shape to obtain an average angle of slip where
µ s p.p = tan(average angle of slip).
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Figure 3.8 Inclination test setup and measurement of particle-to-particle static friction
of dry bauxite particles

3.4.10 Particle-to-boundary static friction test

The static friction between particles and a boundary or wall µ s p.w has been estimated by
conducting a wall friction test using the JST as described in Section 2.11 for the PP and
washed coal for the various wall materials. The large scale wall friction tester
(LSWFT), which was designed and built in the latter stages of this thesis as discussed in
Chapters 8 and 9, was also employed to estimate µ s p.w but was only used on the bauxite
samples. µ s p.w was estimated based on wall friction tests using dry bulk materials and
was evaluated using the gradient of the measured wall yield locus. The bulk materials
examined in this thesis for DEM modelling were relatively cohesionless when wall
friction tests were conducted on various wall samples with a dry product, which resulted
in a constant kinematic wall friction angle φw and therefore µ s

p.w

over the range of

normal wall pressures σw tested.
The procedure to estimate µ s

p.p

in Section 3.4.9 has also been used in Chapter 4 to

estimate µ s p.w where a particle was placed on top of a wall material and inclined until
slip occurred and µ s p.w was derived from the angle of slip. This procedure was repeated
numerous times using different size and shape particles to obtain an average µ s p.w.
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3.4.11 Young’s modulus of elasticity determination

E, G and ν properties for the bulk materials and wall samples examined in this thesis
were mainly estimated from the available literature. However, nanoindentation tests
were performed in the latter stages of this research on the bauxite on a newly purchased
ultra-micro indentation system (UMIS). The aim of nanoindentation testing is to
determine E and the hardness of a specimen material from load-displacement
measurements. An indenter of known geometry penetrates the smooth and flat specimen
material with a specified maximum force where the load and depth of penetration is
recorded to determine the stiffness or modulus of the contact during elastic unloading.
Based on the contact area calculated using the known geometry of the indenter and the
slope of the unloading curve, E* can be determined as explained by Fischer-Cripps
(2004).

Figure 3.9(a) shows the preparation of the MGB and TGB particles tested where two
parallel smooth surfaces were prepared to glue the particles to the sample holder. The
mechanical properties of the crust or outer surface of the particles are of most interest in
DEM modelling but to obtain reliable results and not damage the UMIS, the specimen
surface needed to flat and smooth, thus testing had to be performed on the inner
proportion of the particles. A sphero-conical indenter with a 100 µm tip radius was used
to penetrate the specimen material as shown in Figure 3.9(b) where the E and ν of the
indenter were 1050 GPa and 0.07, respectively. The UMIS is typically not used on
granular products due to the inhomogeneity and surface roughness of the samples which
influences the load-displacement behaviour but to minimise these effects a spheroconical indenter with a large tip radius was used so the tip radius was much greater than
the surface roughness. Numerous indentation tests were performed on each particle in
different locations with a maximum load between 2 and 22 mN and a linear curve fitting
method was adopted to evaluate the slope of the upper 30 percent of the unloading
curve to determine E*, E and G.
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(a)

(b)

Figure 3.9 (a) Preparation of bauxite particle for nanoindention and (b) setup of sample
in UMIS

3. 5 Design and setup of physical calibration experiments
To create numerous types of flow mechanisms to calibrate DEM models against that
may be present in industrial applications, the following sections provide details on the
design and setup of various calibration experiments utilised in this thesis.

3.5.1

Translating tube slump tester

A common test to study the influence of particle friction and rolling resistance on the
formation of granular piles is a translating tube slump test, where material is loosely
poured into a cylinder and lifted to allow material to form a pile under gravitational
forces. This allows the angle of repose θR and pile height hp as shown in Figure 3.10 to
be examined. Generally this slump test is either performed manually where the tube is
lifted by hand at an uncontrolled velocity or is more automated using a mechanical
device to lift the tube at a constant velocity Vtt along a defined axis. Figure 3.11 shows
the experimental setup of the translating tube, which consists of a pneumatic cylinder
with a long stroke connected to an acrylic tube. The tube lifts directly vertical at a
relatively constant rate, regulated by speed controllers. Although an electric drive would
provide much better control of Vtt, the pneumatic cylinder was utilised as this test rig
was built using equipment available in the laboratory and Vtt was verified using a highspeed camera and video analysis software to measure Vtt directly. A disadvantage of
this tester is that as the cylinder is lifted, the flow of material is influenced by friction
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between the particles and the tube wall and the lifting velocity as the gap between the
tube and the base increases. This inevitably affects the particle flow rate and the
characteristics of pile formed.

Figure 3.10 Schematic of the translating tube slump test to calibrate particle-to-particle
interactions – (a) setup and slumping, (b) pile formed
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Figure 3.11 Experimental setup of the translating tube slump tester

3.5.2

Swing-arm slump tester

To eliminate the effects of the bulk material sliding against the tube and Vtt in the latter
slump tester, a novel alternative slump tester was designed. This concept is shown in
Figure 3.12. The swing-arm consists of an acrylic split tube that is connected to a
swing-arm mechanism, confining the bulk material until the swing-arm mechanism
opens to allow the bulk material to flow and form a conical pile where θR and hp are
measured as illustrated in Figure 3.12.

Figure 3.13 shows the experimental setup of the swing-arm slump tester which consists
of a split tube attached to arms that rotate around a fixed connection using a simple
linkage connected to a small pneumatic cylinder where the cylinder rod retract velocity
is controlled by a pressure regulator and speed controllers. The tester is designed so that
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the swing-arms pull away from the bulk material rapidly to minimise the interaction
between the product and tube.

To minimise the number of interactions between particles and boundaries, a 150 I.D.
ring has been employed to contain bulk material to form a flat bed of material below the
acrylic tube, allowing for a distinct pile profile to be measured, as shown in Figures 3.12
and 3.13. The advantage of not using a solid flat surface to form a granular pile is the
elimination of the need to model the effects of particle-to-boundary interactions and
therefore the particle-to-particle interactions can be primarily studied. The swing-arm
slump tester also consists of various sized split tubes to accommodate for a range of
particle sizes and quantities of bulk material, where a 60 and 100 I.D. split tube with
heights of 185 and 220 mm, respectively have been utilised in this study. A comparison
of the translating tube and swing-arm slump tester is presented in Chapter 5 using
polyethylene pellets and washed coal.

Figure 3.12 Schematic of the swing-arm slump test to calibrate particle-to-particle
interactions – (a) setup and slumping, (b) pile formed
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Figure 3.13 Experimental setup of the swing-arm slump tester

3.5.3

Conical hopper discharge test

A simple experiment developed to investigate the effects of pouring the bulk material to
form a conical pile has been investigated by using a stationary stainless steel conical
hopper to discharge the bulk material as shown in Figure 3.14. This test arrangement
has been implemented in the investigation conducted in Chapter 5 to evaluate the bulk
behaviour and flow mechanisms against the slump testers, as well as to compare the
computational time and material model developed against the slump test results. Unlike
the slump test arrangements in Sections 3.5.1 and 3.5.2, the base ring placed below the
conical hopper was empty prior to discharge where product filled the base ring during
discharge and formed a conical pile above the ring. Product was retained in the hopper
by manually holding a small plate under the hopper outlet until the product was ready to
be discharged where the plate was removed.
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(a)

(b)

Figure 3.14 Schematic of the conical hopper discharge test to primarily calibrate
particle-to-particle interactions – (a) setup and discharging, (b) pile formed

3.5.4

Flat bottom hopper discharge test

To examine the flow behaviour of bulk material discharging from a container or hopper,
a simple experiment illustrated in Figure 3.15 has been designed and built to investigate
the drained and poured angles of repose simultaneously. As shown in Figure 3.15, a flat
bottom hopper filled with the loosely poured bulk material sample is placed at a
specified distance hd above a base ring, with a specified diameter Dbase and is filled with
a sample of the bulk material. The flat bottom hopper is also partitioned as shown in the
top view in Figure 3.15 allowing the quantity and width of the bulk material in the
hopper to be adjusted. The opening on the bottom of the hopper is adjustable to
accommodate a limited range of particle sizes and adjust the flow rate from the hopper,
as well as discharge characteristics. The bulk material is contained by a swing gate on
the bottom of the hopper, which can be quickly released via a pin to discharge the bulk
material. A Redlake X3 MotionPro high-speed video camera was used to record the
discharge of the product from the hopper to determine discharge duration and flow
behaviour. Once the product was discharged from the hopper, measurements were taken
of the drained θR,d and poured θR angles of repose and the height of the pile formed hp.
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The flat bottom hopper discharge experiment is ideal to examine the bulk particle
dynamics of confined flow where internal shear within the bulk material is present as
well as unconfined flow during the pouring of the conical pile. The drop height between
the hopper and base ring hd can also be adjusted, if required, to increase the particle
velocity prior to impact on the pile below the hopper, to examine particle behaviour
under more rapid flow conditions. This makes it ideal to verify the particle inertial
properties and rolling torque models in the DEM models.

(a)

(b)

Figure 3.15 Schematic of the flat bottom hopper discharge test to calibrate particle-toparticle interactions – (a) setup, (b) discharged and upper and lower pile formation
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3.5.5

Particle-to-boundary rolling friction, cohesion and adhesion test

Particle shape representation, ur, Ce and γ between particles and boundaries are
important parameters to accurately model particle-to-boundary interactions. Inadequate
selection of the latter model parameters can result in unrealistic slippage, rotation or
adhesion between the particles and boundaries, such as conveyor belts or chute surfaces.
These can influence particle discharge velocities, material stream trajectories and
velocity gradients and how a bulk material “sticks” to a surface, for example.

As shown in Figure 3.4, the rolling friction between the particles and a boundary of a
dry or moist material has been calibrated for a cohesionless material first. To calibrate
ur p.w, a small heap of material was placed onto a wall material sample and inclined as
shown in Figure 3.16 until gross slippage occurred similar to the procedure outlined in
Section 3.4.9. To calibrate ur p.w in the DEM models, ur p.w was incremented until the
inclination angle in the DEM model matched the experimental data where the particles
partially commenced rolling or complete slippage occurred where the inclination angle
was typically close to the static friction angle. If ur p.w was unrealistically high (> 0.3) to
prevent particle rotation, the particle shape representation was revised to modify the
moment of inertia properties of the particles.

Conducting numerical wall friction tests to calibrate Ce p.w or γp.w is a time consuming
process. To approximate values for Ce p.w and γp.w for moist and cohesive bulk materials,
the same procedure using the inclination tester described above was adopted. A moist
bulk material was placed on a wall material sample and inclined to an angle where gross
slippage occurred. The angle of failure for a cohesive bulk material was typically
greater than the equivalent test using the same bulk material in a dry or cohesionless
state. Using the material model developed (us

p.w

and ur

p.w)

for a cohesionless bulk

material with the LSD or H-M contact model, Ce p.w or γp.w in the linear cohesion or JKR
model, respectively were incremented until the angle of failure in the DEM model
matched the higher experimental angle of failure. Chapter 10 investigates the validity of
this calibration technique using the simple inclination tester by conducting a series of
wall friction tests employing the Jenike direct shear test procedure.
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Figure 3.16 Sample inclination test of polyethylene pellets on polystone ultra

3. 6 Discussion
This chapter has provided details on the range of bulk material characterisation tests
performed to estimate several DEM parameters and a range of DEM calibration tests
developed to calibrate DEM parameters that can’t be easily measured. It also verifies
the behaviour of an assembly of particles against physical bulk behaviour. The
methodology adopted to measure or estimate DEM parameters via numerical calibration
to develop a material model fit-for-purpose has also been outlined.

This methodology and the developed calibration tests have been subsequently used in
the following chapters to model black washed coal, polyethylene pellets and bauxite.
The calibrated material models for the polyethylene pellets and bauxite have been used
to model the flow of bulk material through a variable-geometry conveyor research
facility at the University of Wollongong (see Chapter 6) and a large scale industrial
conveyor transfer station (see Chapter 10), respectively to examine and verify the
accuracy of the DEM calibration methodology.
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4. 1 Introduction
This chapter examines the development of a DEM material model for dry and moist
black washed coal (Coal) with two different particle size distributions. The H-M and
linear cohesion models are utilised in the DEM simulations to model the flow coal and
the difference between the developed DEM material models using the swing-arm slump
tester and the flat bottom hopper discharge test is also examined. The particle-to-particle
interactions are primarily investigated and the sensitivity of key parameters are also
examined.

4. 2 Computational resources and DEM code
The workstation used in this research to develop, solve and post-process the DEM
models was a DellTM Precision T7400 for reference with the following key
specifications:
•

Dual Quad-Core Intel® Xeon® X5472 (3.0GHz)

•

16GB 800MHz random-access memory

•

SAS (15k RPM) hard drives

•

512MB NVIDIA Quadro FX 3700 video card

•

Microsoft Windows XP 64bit operating system

As previously mentioned the commercial DEM code EDEM® developed by DEM
Solutions Ltd was utilised in this study. The versions which were used throughout the
progression of this thesis were versions 2.1.1, 2.1.2, 2.2, 2.2.1, 2.3 and 2.3.1 where the
reader is referred to (DEM Solutions 2011b) for further details on the release notes for
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each version to examine the changes and new features. With progressive version
updates, new user features were introduced to improve the functionality and efficiency
of setting up, solving and post processing DEM simulations. These included improved
methods to define Particle FactoriesTM, a more efficient method to save data using a
selective save option and improved algorithms to speed-up simulations. Reported bugs
and instability issues were also fixed with succeeding updates.

4. 3 Bulk material characterisation and work scope
This chapter examines the numerical calibration of dry and moist coal. To examine the
effects of the particle size distribution on the DEM material model, two different
particle size ranges were prepared by sieving, being:

1. fine particles with a particle diameter less than 4 mm referred to as PSD 1
shown in Figure 4.1(a), and
2. coarse particles with a particle diameter between 4 and 26.5 mm referred to as
PSD 2 shown in Figure 4.1(b).

As the fines of the coal retain a greater proportion of the total moisture present in the
bulk material, the cohesive strength of PSD 1 is greater than PSD 2. To examine the
cohesive behaviour of the coal, PSD 1 has been tested and modelled in a dry and moist
state at moisture contents of 7.5 and 15 percent wet basis. Direct shear tests as explained
in Section 3.4.8 were used to determine the maximum strength conditions of the coal. A
moisture content of approximately 15 percent was close to the maximum strength as far
as cohesion is concerned. Direct shear tests were preformed on the moist coal (PSD 1)
at 7.3 and 15 percent moisture content, and the results of those tests can be found in
Appendix A. Figures A.1 and A.3 show the family of instantaneous yield loci measured
and Figures A.2 and A.4 show the evaluated δ and flow functions.

Based on a flowability classification used by Jenike, the flowability factor ffc of a bulk
material is expressed as (Schulze 2007, pp. 41-42):
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ff c =

σ1
σc

(4.1)

Evaluating ffc of the coal at σ1 = 10 kPa, ffc = 2.91 at 7.5 percent moisture content using
the flow function in Figure A.4 and ffc = 3.13 at 15 percent moisture content using the
flow function in Figure A.2. Therefore, the coal samples are considered to be cohesive
(2 < ffc < 4) according to Jenike’s classifications. A moisture content of 7.5 percent was
selected to investigate the difference of the DEM material model (i.e. mainly Ce p.p) to
simulate the flow of a less cohesive product. As the internal strength of sample PSD 2
does not significantly increase when the moisture content is increased, as there are no
minus 4 mm particles within the sample, the coarse coal was only studied in a dry state.

(a)

(b)

Figure 4.1 Samples of washed coal – (a) PSD 1: d < 4 mm, (b) PSD 2: 4 < d < 26.5
mm
Table 4.1 lists the results of the required flow property work conducted to characterise
the coal to estimate critical parameters for DEM modelling. The properties which have
been measured include the solid and loose-poured bulk densities, static friction
coefficients and coefficients of restitution as described in Section 3.4. Table 4.1 shows
that there is a minor difference in the measurement of ρs using the gas pycnometer and
hydrostatic weighing and ρbl has a dependency on the moisture content and particle size
distribution. µ s

p.p

has been estimated by conducting 20 tests on the inclination tester

with different dry particles varying in size and shape. Table A.1 lists the measured ep.p
and ep.w for the impact of a coal particle against another coal particle and an acrylic
material sample respectively, for impact velocities between 1.98 and 3.43 m s-1 which is
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sufficient for the test work conducted in this chapter. Due to the design of the swingarm slump tester and flat bottom hopper discharge test, the influence of the particle-toboundary interactions between the coal and acrylic walls on the flow behaviour is minor
therefore µ s p.w and ep.w are not critical.

Property
ρs p

Table 4.1 Summary of washed coal flow properties
Value
Unit
Comment
1455 - 1489
1385 - 1442

kg m-3

Water displacement

773 - 800
ρbl

616 - 696
618 - 666

Gas pycnometer

d < 4 mm, dry
kg m-3

779 - 852

d < 4 mm, 7.5% wb moisture content
d < 4 mm, 15% wb moisture content
4 < d < 26.5 mm, dry

µ s p.p

0.58

-

d < 26.5 mm, inclination tester, dry

µ s p.w

0.43

-

ep.p

0.55

-

See Table A.1

ep.w

0.58

-

Coal-to-Acrylic, see Table A.1

Coal-to-Acrylic, inclination tester, 4 <
d < 26.5 mm, dry

4. 4 Particle size distribution and particle shape representation
The geometry and shape of coal particles is generally random and angular due to the
exploration processes used to cut the coal from coal streams. Raw coal typically consists
of particles with a wide particle size distribution from coarse lump material to fine dust,
where the geometry of the particles tends to vary depending on the particle size. Figure
4.2 shows the shape of randomly selected particles with d < 4 mm (Figure 4.2(a)) and
9.5 < d < 13.5 mm (Figure 4.2(b)) which are irregular, angular and random.
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Top View

(a)

Side View
(b)

Figure 4.2 Sample of particle shape of washed coal – (a) d < 4 mm,
(b) 9.5 < d < 13.2 mm
Figures 4.3 and 4.4 show the physically measured particle size distribution of PSD 1
and PSD 2, respectively. As the fine coal particles below 1 mm are not feasible to model
using DEM due to the large number of particles and the smaller time step required,
sieving below 1 mm has not been preformed but approximately 30 percent of product is
less than 1 mm. A normal distribution curve has been fitted to the measured data points
in Figures 4.3 and 4.4 to determine the mean (PSD 1 = 1.45 mm, PSD 2 = 12.5mm) and
standard deviation (PSD 1 = 1.03, PSD 2 = 5.61) of the data. A good fit is present in
Figure 4.3 but an average fit is present in Figure 4.4 of PSD 2 due to the truncation of
the particle size distribution below 4 mm.

Particle scaling and truncation of the particle size distribution of fine bulk materials is a
common industrial technique employed as discussed in Favier (2007) to reduce the
number of particles in large simulations, the computational resources required and more
importantly the computational time. As shown in Figure 4.3 (referring to Exp Scaled &
Truncated data series) the mean particle diameter and particle size distribution has been
scaled up by a factor of four and the size range has been truncated so the smallest and
largest particles in the DEM simulations are approximately 4 and 9 mm. The particle
size distribution implemented into the DEM models for PSD 2 has not been scaled and
the size distribution has been derived based on the experimental results in Figure 4.4.
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100

Percent Undersize

80
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Exp
Exp Scaled & Truncated

20

Particle A - DEM
Particle B - DEM

0
0.1

1

10

100

Minor Particle Diameter (mm)

Figure 4.3 Experimental particle size distribution of d < 4 mm washed coal and scaled
and truncated particle size distribution in DEM models
100

Percent Undersize

80
60
40
Exp

20

DEM Particle A
DEM Particle B

0
1

10

100

Minor Particle Diameter (mm)

Figure 4.4 Experimental and DEM particle size distribution of 4 < d < 26.5 mm washed
coal
It is unrealistic to model the mechanical and inertia characteristics of the coal particles
by representing them as spherical elements. Non-spherical particle shape representation
has been adopted to model the coal by clustering spherical particles together as
discussed in Section 2.10.8.1. Two different particle shapes have been modelled as
illustrated in Figure 4.5 by sketching the profile of two randomly selected particles in
Figure 4.2(b) in to a 3-D CAD program to appropriately cluster the spheres and create
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the desired shape. The number and size of spheres used to model the coal particles have
been optimised to achieve the required minor particle diameter without using
excessively small spherical elements, which greatly affects the required time step and
the computational time. Particle A consists of four varying diameter spheres (Figure
4.5(a) and (c)) and Particle B consists of three equal diameter spheres (Figure 4.5(b) and
(d)). The particles drawn in Figure 4.5 are the mean particles for PSD 1 and 2, which
were modelled in EDEM for the particle factories where a defined normal distribution
was applied to vary the scale of the mean particles to achieve the desired distribution
shown in Figures 4.3 and 4.4. Equal quantities of particles A and B were used to model
the bulk flow of coal.

(a)

(b)

(c)

(d)

Figure 4.5 Mean particle shape representation for DEM modelling of washed coal – (a)
scaled particle A for PSD 1, (b) scaled particle B for PSD 1, (c) particle A for PSD 2
and (d) particle B for PSD 2
Dynamic particle factories were employed in the DEM models to initialise or insert the
particles into the simulation domain where particles are inserted into the simulation
through a selected geometry surface at a specified rate, size distribution, angular and
linear velocity and orientation. However, due to the restrictions of the surface area used
to insert particles into the DEM models of the swing-arm slump tester and flat bottom
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discharge hopper, smaller particles and a narrower size distribution (i.e. smaller
standard deviation) are favoured in EDEM as space for smaller particles is more readily
available for the particle initialisation algorithm. Figures 4.3 and 4.4 showed the
measured particle size distribution of particles A and B which were achieved in the
DEM simulations of the swing-arm slump tester and flat bottom discharge tests. The
particle size distributions in the DEM models of PSD 1 and 2 were consistent and
repeatable in all the DEM simulations. These were satisfactory even though there were
some minor differences between the numerical and experimental distributions shown in
Figures 4.3 and 4.4. Due to the upper truncation of PSD 1 in Figure 4.3, it was
inevitable that it would not be possible to match the DEM PSD to the “Exp Scaled and
Truncated” PSD in Figure 4.3 but the achieved PSD was more than sufficient to model
the coal.

4. 5 Swing-arm slump test and flat bottom hopper discharge physical test setup
and test scope
Sections 3.5.2 and 3.5.4 discuss the setup of the swing-arm slump tester and flat bottom
hopper discharge test, respectively. Tables 4.2 and 4.3 summarise the scope of
experiments conducted on the coal with PSD 1 and 2 at various moisture contents on the
swing-arm slump tester and flat bottom hopper discharge test, respectively. The results
from the range of repeated tests conducted listed in Tables 4.2 and 4.3 were used to
compare to the equivalent DEM simulations to develop a realistic material model and
examine the sensitivity of DEM parameters.

As the conical piles formed after slumping or hopper discharge with moist materials can
be curved as shown in Figure 4.6(a) making it difficult to define and measure an angle
of repose accurately, a simple profiler (shown in Figure 4.6(b)) was manufactured to
measure the profile of the conical pile. The measured profiles were used to compare the
profiles of the numerical and experimental piles formed.

Table 4.2 shows that a 60 and 100 I.D. split tube was used to investigate the difference
between the piles formed where the coal was filled in the split tube to a height of 150
and 100 mm, respectively. Comparing θR and hp of PSD 1 in Table 4.2 shows that
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higher and steeper piles are formed using the 100 I.D. tube as there is a greater volume
of material present and the average particle velocity is lower due to the shorter column
of material in the 100 I.D. tube arrangement. At 15 percent moisture content, loosely
filling the 100 I.D. to 100 mm resulted in the column of material not failing or flowing
once the tube halves were separated, resulting in θR = 90. The material behaviour using
the 60 and 100 I.D. split tube is different, allowing the DEM material model to be
assessed to determine whether the same set of interaction parameters could match the
alternate experimental test setups and flow patterns.

Table 4.2 Summary of experiment parameters and results from swing-arm slump test of
coal
Split tube

Material fill

I.D.

height

(mm)

(mm)

60

100

100

150

100

200

Dbase
(mm)

150

150

232

Moisture
PSD

θR

hp

(deg)

(mm)

≈0

23 - 26

36 - 38

7.5

28 - 32

52 - 54

15

29 - 35

50 - 55

≈0

32 - 36

49 - 50

7.5

40 - 46

71 - 73

15

90*

100

≈0

29 – 31

45 - 53

content
(%wb)

1

1

2

* Material did not fail when split tubes separated

Figure 4.7(a) shows the experimental setup of the flat bottom hopper discharge test as
indicated in Figure 3.15. A load cell has also been placed under the platform which
supports the plastic ring filled with bulk material as shown in Figure 4.7(b). The load
cell was directly connected to a dataTaker® DT800 (Thermo Fisher Scientific Australia
Pty Ltd 2009b) and calibrated using dead weights to record the force on the platform at
50 Hz to examine the approximate flow rate from the hopper and compare against the
DEM predictions. The force recorded on the platform is a combination of the static
force of the self weight of the bulk material and the dynamic force from the flowing
material impacting the platform.
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(a)

(b)
Figure 4.6 Sample of piles formed after slump test – (a) coal at 15% wb moisture
content, (b) profiler used to measure the contour of a dry coal pile
Table 4.3 Summary of experiment parameters and results from flat bottom hopper
discharge test of coal
Material

Hopper

fill height

width

(mm)

(mm)

40

100

50

120

75

110

120

75

110

80

125

50

B
(mm)

Dbase

hd

(mm) (mm)

Moisture

hp

θR,d

(deg)

(mm)

(deg)

≈0

34 - 36

49

43 - 45

7.5

40 - 44

68 - 71

61 - 67

15

49 - 53

78 - 86

65 - 80

≈0

29 - 30

36 - 40

51 - 54

(%wb)
1

150

θR

PSD content

200
2

Load Cell

(b)
(a)
Figure 4.7 Experimental setup of flat bottom hopper discharge experiment – (a) prior to
discharge, (b) after discharge
Due to the ease of fine moist coal to form a cohesive arch over small outlets even when
the coal is loosely poured into the hopper, the hopper opening B was increased from
40 mm for dry coal to 120 mm for the moist coal as shown in Table 4.3. As the moisture
content of the coal was increased, the internal strength of the coal increased, that
resulted in greater θR,d and θR shown by the results in Table 4.3.
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4. 6 DEM modelling of the swing-arm slump tester and flat bottom hopper
discharge test
3-D CAD models of the swing-arm slump tester and flat bottom hopper discharge test
arrangement were developed and imported into EDEM to define the boundaries and the
particle injection plane as illustrated in Figures 4.8 and 4.9. The mechanical and
interaction parameters for the various boundary surfaces were designated to the CAD
geometries. The base pipe (height = 50 mm), which contains a small quantity of coal
below the split tube on the slump tester or the hopper (see Figure 4.7(a)), was modelled
simply in the DEM models using a solid cylinder with a small raised lip around the
circumference of the cylinder as shown in Figures 4.8(a) and 4.9(b). The aim of the lip
was to retain a small amount of particles during the initial flow on to the base, creating a
small layer of base particles to represent the material in the base ring in the physical
experiments. The base was also assigned the same mechanical and interaction
characteristics of the coal. Table 4.4 summaries the mechanical, interaction and
simulation parameters used to model the coal particles and acrylic surfaces that were
estimated from Table 4.1 or estimated from available literature. µ s p.p was set at 0.6 for
the majority of the simulations but was varied to examine the sensitivity of µ s p.p. µ r p.p
and Ce have been estimated using the calibration tests and the sensitivity of µ r p.p has
also been examined.

Placing or initialising the particles into the simulation domain was completed by placing
a plane of specific geometry at a specified spatial location. For the swing-arm slump
tester a circular plane was placed inside the split tube just above the base where equal
quantities of particle A and B were inserted at a specified velocity. Meanwhile the
circular plane was gradually lifted at a specified velocity as shown in Figure 4.8(a). For
the flat bottom hopper a rectangular plane with an area greater than the hopper crosssectional area was placed above the hopper, where equal quantities of particle A and B
were inserted into the simulation at a specified velocity. A uniquely designed hopper
(upper hopper) was placed between the injection plane and the top of the flat bottom
hopper to evenly feed the particles into the rectangular hopper via a set of straightener
plates as shown in Figure 4.9(a).
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Figure 4.8 Setup of swing-arm slump test in EDEM – (a) initialisation of particles into
split tube, (b) pile formation and evaluation of properties

Figure 4.9 Setup of flat bottom hopper discharge test in EDEM – (a) initialisation of
particles into flat bottom hopper, (b) setup prior to gate opening, (c) pile formation and
evaluation of properties
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Parameter

Table 4.4 Summary of DEM parameters
Value
Unit
Comment

ρs p

1430

kg m-3

Coal, average of measurements

ρs w

1200

kg m-3

Acrylic, measured
Coal, approximated from (Greenhalgh and

Ep

2.43

GPa

Emerson 1986; Zipf 2006; Khandelwal and
Singh 2009)

Ew

2.7

GPa

Acrylic, approximated from (Arkema 2010)

νp

0.35

-

νw

0.35

-

Acrylic (Arkema 2010)

µ s p.p

0.6

-

Coal-to-Coal

µ s p.w

0.43

-

Coal-to-Acrylic

ep.p

0.55

-

Coal-to-Coal

ep.w

0.58

-

Coal-to-Acrylic

µ r p.w

0.05

-

Coal-to-Acrylic, assumed

∆t

1.48

µs

PSD 1

∆t

1.67

µs

PSD 2

Coal (Greenhalgh and Emerson 1986; Wang
et al. 2009a)

EDEM versions 2.1.1 and 2.1.2 were used for the work presented in this chapter where
the particle creation and initialisation rate was based on a specified number of particles
per second with a defined normal distribution. EDEM version 2.2 and the successive
version allows the particle creation rate to be defined by mass instead of particles per
second, which allowed a required total mass of particles to be generated. Using a normal
distribution made it difficult to obtain a required total mass of particles using a particle
generation rate based on particles per second but Tables 4.5 and 4.6 show the total
number of particles that were generated for the swing-arm slump test and flat bottom
hopper discharge simulations, respectively. Trial-and-error was used to determine the
number of particles required to closely match the material fill heights and total mass of
product used in the experiments.
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Table 4.5 Summary of number of particles used in the DEM swing-arm slump
simulations
Split tube

Material fill

I.D.

height

(mm)

(mm)

60

150

100

PSD

Particle

Particle

(%wb)

A

B

≈0

1000

1000

7.5 and 15

800

800

≈0

1800

1800

7.5 and 15

1600

1600

≈0

400

400

1

200

Number of particles

content

1

100

100

Moisture

2

Table 4.6 Summary of number of particles used in the DEM flat bottom hopper
discharge simulations
B

Material fill

Hopper

(mm)

height

width

(mm)

(mm)

40

100

50

120

75

110

80

125

50

Moisture
PSD

Number of particles

content
(%wb)

Particle A

Particle B

≈0

2975

2975

7.5 and 15

4750

4750

≈0

475

475

1
2

Once the particles were packed into the slump tester or the hopper after approximately
0.5 seconds, kinematics were applied to the split tubes to rotate the swing arm around
the pivot point at 1.8 rad s-1 for a short period and to open the gate of the hopper by
translating the gate geometry over a short period. On completion of the simulations hp
was measured using a ruler function in EDEM (DEM Solutions 2010) and the angles of
repose θR and θR,d were evaluated by exporting the coordinates of the particles in a wide
central slice of the pile using a binning function in EDEM (DEM Solutions 2010) into
Microsoft® Excel to calculate the angles of repose.

The numerical time step ∆t of the simulations was calculated based on 0.25tr using the
smallest sphere in Particle A or B of PSD 1 or 2, which displayed no instability issues
during simulations.

The particle-to-boundary contacts have been modelled with the H-M contact model
only. When modelling the moist coal particles, the cohesion between the particles and
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the split tube or hopper has been assumed to have negligible effect on the particle-toparticle interactions and has subsequently been ignored.

4. 7 Calibration of dry washed coal– PSD 1
4.7.1

Swing-arm slump test of dry coal

The results from the DEM swing-arm slump test simulations using a 60 and 100 I.D.
split tube are tabulated in Tables 4.7 and 4.8, respectively. The properties which were
measured or evaluated from the DEM models were θR, hp and ρbl. The loose-poured
bulk density has been evaluated in the DEM models based on the measured fill height
and total mass of particles in the split tube. Using a constant µ s p.p = 0.6 and varying
µr

p.p

between 0.01 and 0.2 has shown that µ r

p.p

= 0.1 provides the best comparison

between the DEM and experimental θR, hp and ρbl for the 60 I.D. slump test experiments
in Table 4.7. The sensitivity of µ s p.p has also been examined in Table 4.7 where µ r p.p has
been selected based on one percent of µ s

p.p

but as highlighted in Table 4.7 there is

greater sensitivity to µ r p.p and the rolling torque model compared to µ s p.p where there is
no increase of hp for µ r

p.p

≤ 0.01. Under rapid flow conditions, sufficient rolling

resistance is still required even when the coal particles are modelled as non-spherical
particles by clustering spheres.

Table 4.7 Summary of DEM results from the 60 I.D. split tube swing-arm slump
simulations of dry coal- PSD 1
θR (deg)
hp (mm)
ρbl (kg m-3)
µs p.p
µr p.p
Exp = 23 - 26
Exp = 36 - 38 Exp = 773 - 800
0.6

0.01

16 - 17

25

824

0.6

0.05

22

30

802

0.6

0.1

22 - 24

35

797

0.6

0.2

26 - 28

41

739

0.4

0.004

15 - 16

25

842

0.6

0.006

15 - 16

24

815

0.9

0.009

15

25

820
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Using a 100 I.D. split tube and only filling the tube to 100mm reduces the average
velocity of the particles compared to the 60 I.D. tube. Table 4.8 shows the DEM results
from the 100 I.D. slump tests where both µ s p.p and µ r p.p were varied between 0.5 and 0.7
and 0.01 and 0.2, respectively. Similar to the results in Table 4.7, µ r p.p = 0.1 provides
the best comparison between the DEM and experimental results using 0.5 ≤ µ s p.p ≤ 0.7.
Once again µ s

p.p

is not a sensitive parameter for this application of rapid unconfined

flow.

Table 4.8 Summary of DEM results from the 100 I.D. split tube swing-arm slump
simulations of dry coal - PSD 1
θR (deg)
hp (mm)
µs p.p
µr p.p
Exp = 32 - 36
Exp = 49 - 50

4.7.2

0.5

0.05

32

45

0.5

0.1

33 - 34

52

0.5

0.2

38 - 39

60

0.6

0.05

32 - 33

49

0.6

0.1

33 - 34

51

0.6

0.2

38 - 40

66

0.7

0.05

30 - 31

47

0.7

0.1

33 - 34

53

0.7

0.2

43

63

Flat bottom hopper discharge test of dry coal

To verify that the parameters obtained from the slump test are valid for confined flow,
DEM simulations of material flow from the flat bottom hopper were conducted where
the results are summarised in Table 4.9. Using µ s p.p = 0.6, the ideal µ r p.p is 0.05 to best
match the DEM and experimental θR, hp and θR,d which is lower than the required µ r p.p
for the slump test simulations. A sensitivity analysis was conducted on the shear
modulus where Gp was reduced by a factor of 10 and 100 to examine the effects on the
particle flow behaviour. Scaling down Gp is an effective technique to reduce the
computational time where the time step can be increased by a ratio of the square root of
the scale down factor. Using the H-M model with no cohesion or adhesion model, the
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effect of reducing Gp on the discharge of particles from the flat bottom hopper is
negligible.

Table 4.9 Summary of DEM results from the flat bottom hopper discharge of dry coal PSD 1, B = 40 mm
θR (deg)
hp (mm)
θR,d (deg)
Comment
µs p.p
µr p.p
Exp = 34 - 36
Exp = 49
Exp = 43 - 45
0.6

0.05

31 - 33

46

43 - 45

-

0.6

0.1

33 - 35

43

53 - 53

-

0.6

0.2

31 -32

43

60 - 61

-

0.6

0.05

31

44

44

0.1 Gp

0.6

0.05

31 - 32

40

44

0.01 Gp

To examine the discharge flow behaviour between a physical test and DEM simulation,
sequence images from high-speed photography during the physical test were compared
to the DEM model in sequence from the time of discharge as shown in Table 4.10 for
the dry coal. The discharge of the fine dry coal in the physical test is rapid where a
majority of the material is discharged via funnel flow within 0.5 second. Even after 2
seconds fine coal particles are still slowly discharging from the hopper. Comparing the
DEM results to the physical behaviour, it is apparent in Table 4.10 that due to the scaleup of the particle size distribution the discharge rate in the DEM simulation using the
ideal parameters from Tables 4.7 and 4.8 is lower. With the particle size scaled-up, the
ratio of the particle diameter to hopper opening (d/B) is greater in the DEM model,
which leads to more mechanical interlocking during discharge and greater potential for
a mechanical arch to form. Although the discharge rate is not identical, the drained and
poured angles of repose match well to the physical results. As discussed in 2.10.6.4, a
draw back of the rolling torque model in Equation 2.59 is the oscillating torque which is
produced on each particle in a quasi-static application, causing the particles in the
system to creep and leading to particles gradually rolling out of the hopper over long
simulation periods.
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Table 4.10 Comparison of experimental and DEM hopper discharge behaviour of dry
coal - PSD 1, B = 40 mm
DEM µ s p.p = 0.6, µ r p.p = 0.05
Experiment

t = 0s

t = 0.25s

t = 0.5s

t = 1s

t = 2s
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Figure 4.10 also shows the difference between the total normal forces exerted on the
load platform below the hopper from the DEM simulations where µ r p.p equals 0.05 and
0.1 and the experimental force of fine dry coal. As shown in Table 4.10, the rate of
discharge of the particles in the DEM model is lower than the physical discharge rate,
which is also shown in Figure 4.10, where it takes longer to achieve a steady-state force
on the load platform in the DEM models. When µ r

p.p

= 0.05, more material is

discharged from the hopper resulting in a greater mass of material on the load platform
and a good correlation to the experimental steady-state force. Generally, the total
normal forces acting on the load platform in the DEM model is more sensitive and noisy
compared to the experimental measured force which is mostly caused by scaling up the
particle size. A result of scaling up the particle size distribution is that there are less
particles in the DEM model but the weight force of each particle is much greater, which
creates the fluctuations of the normal force on the platform compared to the
experimental behaviour where the discharge of fine particles is much more steady. The
spikes present in Figure 4.10 after 1.5 seconds are present from particles gradually
rolling or sliding out of the hopper and impacting the lower platform.

8
7

Normal Force (N)

6
5
4
3
2

Exp
µr = 0.05

1

µr = 0.1

0
0

0.5

1

Time (s)

1.5

2

2.5

Figure 4.10 Force exerted on load platform below hopper from dry coal – PSD 1, t = 0
gate opens, µ s p.p = 0.6
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4. 8 Calibration of moist washed coal– PSD 1
An approach adopted in this investigation to approximate the cohesive energy required
to simulate tensile strength in moist materials is based on the general formula (Equation
2.10) derived by Rumpf to originally calculate the tensile stress of moist mono-sized
spherical particles. With an empirical correlation for the coordination number k and
porosity or void fraction (Pierrat and Caram 1997) where:

kε = π

(4.2)

the tensile stress is related to the following expression:

1 − ε Fn

coh

σt =

ε

d

(4.3)

2

Using Equations 2.50 and 4.3 a rough correlation between the isostatic tensile stress and
Ce in the linear cohesion contact model can be established. As non-spherical particles
with a normal size distribution, which have been scaled in size have been used to model
the coal, Rumpf’s equation is not directly applicable as Rumpf’s assumptions are
invalid. However, assuming that the isostatic tensile stress and the uniaxial tensile
strength measured from the Ajax tensile tester as discussed in Section 3.4.7 are similar
for δ > 45 (see Figures A.2 and A.4) as examined by Pierrat and Caram (1997), a rough
estimation of Fncoh between spherical particles was evaluated. Figure 4.13 provides a
comparison between the minor principal tensile stress of washed coal at 7.5 and 15
percent moisture content measured with an Ajax tensile tester. The variation of Ce has
been estimated by equating Equations 2.50, 2.51 and 4.3 using the measured tensile
stress (see Figure 4.13) and porosity (see Figure 4.11) of moist coal shown in Figure
4.13. The normal overlap δn has been estimated using the minimum average δn from the
60 and 100 I.D. swing-arm slump test simulations of cohesionless coal during the
slumping period where µ s p.p = 0.6 and µ r p.p = 0.1 shown in Figure 4.12. The particle
diameter d has been selected using a conservative approach by using the largest sphere
of the mean particle in Figure 4.5(a) and (b) where d = 4.5 mm. Figure 4.13 shows that
the required Ce

p.p

is dependent on ε and the coordination number especially at low

consolidation stresses where a high Ce

p.p

is required at loose-poured conditions and
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gradually decreases then increases again at higher consolidation pressures. Although
this technique is not highly accurate due to the complexities of developing a model to
analyse the bulk tensile stress and forces of random sized and shaped particles, this
technique has provided a good estimation of the anticipated range of Ce

p.p

to calibrate

the DEM model using the H-M with linear cohesion contact model to model cohesive
bulk materials.

0.55
7.5% wb

Porosity

0.50

15% wb

0.45
0.40
0.35
0.30
0

5
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15
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35

Major Consolidation Stress (kPa)

Figure 4.11 Variation of porosity for moist coal vs. major consolidation stress
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Figure 4.12 Average normal overlap δn from 60 and 100 I.D. swing-arm slump test
DEM simulations of dry coal once slumping occurred – PSD 1, µ s p.p = 0.6, µ r p.p = 0.1
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Figure 4.13 Tensile stress and cohesion energy vs. major consolidation stress for moist
washed coal - δn ≈ 0.1 µm, d = 4.5 mm
Another approach developed by the consultants at DEM Solutions Ltd. is to estimate Ce
based on the gravitational forces between two spheres. Using the H-M non-linear
normal contact stiffness and mass of a sphere (d = 4.5 mm), δn and the contact area Ac
have been calculated and tabulated in Table 4.11 to approximate Ce

p.p

based on the

contact pressure or energy density produced by the gravitational force of a sphere in
contact. Therefore during contact with the linear cohesion contact model, the repulsive
normal force is reduced by at least the gravitational force of a sphere but is dependant
on δn.

Table 4.11 Summary of calculations to estimate Ce p.p
d
4.5
mm
R*

1.125

mm

Equation 2.29

E*

1.3846

GPa

Equation 2.30

mi g

6.69 x 10-4

N

δn

48.8

µm

Equation 2.38

Ac

6.61 x 10-10

m2

Equation 2.51

mig / Ac

1.628 x 106

J m-3

Low

1.75 mig / Ac

2.849 x 106

J m-3

Medium

2.5 mig / Ac

4.069 x 106

J m-3

High
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To determine a suitable range of Ce p.p, factors of 1.75 and 2.5 have been used to scaleup mig / Ac. However, the latter technique does not provide any correlation to the
moisture content and cohesiveness of a bulk material and requires numerical calibration
to estimate appropriate values of Ce p.p to model a bulk material at a specific moisture
content. Never the less, the two techniques discussed provide reasonable estimates of
Ce p.p which reduces the number of iterations required to calibrate the moist coal.

4.8.1

Swing-arm slump test of moist coal

Utilising the parameters determined for free flowing dry washed coal the effects that
cohesion have on flow were investigated to determine how much Ce p.p is required to
simplistically represent the liquid bridges and capillary forces between the particles
using the H-M model with linear cohesion. The methodology adopted to calibrate the
cohesive DEM model was to set µ s

p.p

and µ r

p.p

at the values deemed suitable from the

cohesionless DEM models using the H-M model in Tables 4.7 and 4.8. Using µ s p.p = 0.6
and µ r

p.p

= 0.1, Ce

p.p

in the linear cohesion model was varied between 1.5x106 and

3.5x106 J m-3 in the DEM simulation of the 60 I.D. tube slump test to match the
experimentally measured profiles of the conical pile formed. While the coal clumps
together as the material collapses, irregular pile profiles are formed, making it difficult
to define an angle of repose using a small mass of material. Thus the DEM profiles have
been plotted against the experimental profiles as shown in Figures 4.14 and 4.15. With
the 60 I.D. tube slump test the variation of the pile profile and height is minor using the
moist coal at 7.5 or 15 percent moisture content. Figure 4.14 shows that
Ce

p.p

between 3.0x106 and 3.5x106 J m-3 is adequate to obtain a good correlation

between the DEM and physical behaviour from the 60 I.D. tube slump tests for the
moist coal at 7.5 and 15 percent moisture content. A clear distinction in the height of the
piles between the dry and moist coal can be observed between Table 4.7 and Figure
4.14.

The measured ρbl from the DEM simulations of the 60 I.D. tube slump tests range
between 770 and 715 kg m-3 when Ce p.p was set between 1.5x106 and 3.5x106 J m-3
respectively, which is greater than the physically measured ρbl between approximately
600 and 700 kg m-3. As it is complex to model transferable liquid bridges in DEM, it is
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difficult to model the higher voidage when moisture is added to the bulk material in the
DEM simulations using the simple linear cohesion contact model. With no adhesion in
the linear cohesion model it is impossible to model particle agglomeration and voidage
which occurs physically when loosely filling a measuring cylinder with moist coal. The
JKR contact model has potential to model particle-to-particle adhesion but has not been
examined in this chapter. Section 7.8 investigates the loose packing of TGB particles
using the JKR model.

60

Exp 7.5% wb
Exp 15% wb
Ce = 1.5E6
Ce = 2.0E6
Ce = 2.5E6
Ce = 3.0E6
Ce = 3.5E6

50
40
30
20
10
0
-80

-60

-40

-20

0

20

40

60

80

Figure 4.14 DEM and experimental pile profiles for moist washed coal from 60 I.D.
swing-arm slump test – PSD 1, µ s p.p = 0.6, µ r p.p = 0.1
Figure 4.15 shows the DEM results from the 100 I.D. tube slump test simulations. The
experimental profile of the moisture coal at 7.5 percent moisture content has only been
shown in Figure 4.15 as the column of coal did not fail at 15 percent moisture content
resulting in 90 degree angles of repose as highlighted in Table 4.2. Figure 4.15 indicates
that Ce p.p between 1.75x106 and 2.0x106 J m-3 is sufficient to model the moist coal at 7.5
percent moisture content in the 100 I.D. tube slump test which is lower than the Ce p.p
determined from the 60 I.D. tube slump tests. Ce p.p ≥ 3.0x106 J m-3 was sufficient to
obtain a stable column of particles in the 100 I.D. tube slump test with a 90 degree angle
of repose to match the physical behaviour of moist coal at 15 percent moisture content.
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Figure 4.15 DEM and experimental pile profiles for moist washed coal from 100 I.D.
swing-arm slump test – PSD 1, µ s p.p = 0.6, µ r p.p = 0.1

4.8.2

Flat bottom hopper discharge test of moist coal

The moist coal displayed a tendency to form a cohesive arch when discharging from the
flat bottom hopper with an opening B < 80 mm. To avoid a cohesive arch forming,
physical tests and DEM simulations were conducted using the full width of the hopper
and adjusting the hopper opening to 120 mm as stipulated in Table 4.3. Although the
ideal µ r

p.p

from the flat bottom hopper discharge test of dry coal was 0.05 shown in

Table 4.9, a conservative µ r

p.p

= 0.1 was selected to maintain consistency between the

simulations in Section 4.8.1.

Table 4.12 and Figure 4.16 show the results from the DEM simulations where Ce was
varied between 1.5x10-6 and 3.0x10-6 J m-3 and a comparison to the experimental results
of the moist coal at a moisture content of 7.5 and 15 percent. A noticeable difference
between the experimental results (θR, hp and θR,d) of the coal at two different moisture
contents is shown in Table 4.3 and Figure 4.16. When Ce is increased there is a notable
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increase of θR,d but there is minimal change in the profile of the pile formed below the
hopper as Ce is increased. As the hopper opening is large, when the gate is released the
coal or particles discharge from the hopper as one large clump impacting the base
rapidly as shown by the spike of the normal force on the base in Figure 4.17 shortly
after discharge commences. Based on θR,d, the ideal value of Ce to model the coal at 7.5
and 15 percent moisture content is approximately 1.5x10-6 and 2.0x10-6 J m-3
respectively.

Table 4.12 Summary of DEM results from the flat bottom hopper discharge of moist
coal - PSD 1, B = 120 mm
θR (deg)
hp (mm)
θR,d (deg)
Ce p.p
µs p.p

µr p.p

x 106
(J m-3)

Exp = 40 – 44a

Exp = 68 – 71a

Exp = 61 – 67a

= 49 – 53b

= 78 – 86b

= 65 – 80b

0.6

0.1

1.5

42 - 43

62

65 - 70

0.6

0.1

1.75

40 - 41

61

70 - 75

0.6

0.1

2.0

44 - 45

66

70 - 73

0.6

0.1

2.5

42 - 44

71

94

0.6

0.1

3.0

41 - 43

68

90 – 104

a 7.5% wb moisture content
b 15% wb moisture content

Examining Figure 4.17 the correlation between the steady-state normal force of the
experimental results and DEM simulations is generally good. Due to the rapid impact,
the data acquisition of the experimental data was set at 50 Hz but needed to be at 100
Hz to match the DEM time steps where the normal force was analysed. Although a
higher data acquisition rate would have been ideal, the actual acquisition rate was
sufficient to examine the general behaviour. Higher acquisition rates are possible on the
dataTaker DT800 but the accuracy of the results decrease as there is more noise present.

One distinctive difference between the experimental and DEM discharge patterns is the
discharge period from the DEM simulations is marginally shorter and also the particles
in the DEM simulations tend to discharge from the hopper as a large clump or block.
There is also a large difference between the magnitude of the normal force during the
initial impact from the experimental and DEM results. One advantage of DEM is that
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data can be easily and accurately evaluated at very small time steps compared to
experimental measuring techniques.
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Figure 4.16 DEM and experimental pile profiles for moist washed coal from flat bottom
hopper discharge test – PSD 1, B = 120 mm µ s p.p = 0.6, µ r p.p = 0.1
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Figure 4.17 Force exerted on load platform below hopper from coal at 7.5% and 15%
wb moisture content – PSD 1, t = 0 gate opens, µ s p.p = 0.6, µ r p.p = 0.1
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4. 9 Calibration of dry washed coal– PSD 2
4.9.1

Swing-arm slump test of dry coal

To examine the flow behaviour of larger coal particles where no scaling has been
performed, swing-arm slump tests and simulations were conducted on the PSD 2
washed coal. The aim of testing PSD 2 was to investigate any differences in the
developed DEM material model (mainly µ r
interaction parameters such as µ s

p.p

and µ r

p.p)

p.p

compared to PSD 1 and examine if

can remain relatively constant when the

particle size distribution is scaled for cohesionless material.

Due to the size of the coal particles, slump tests were performed on the PSD 2 coal
using a 100 I.D. split tube and a 232 I.D. base pipe where the split tube was filled to a
depth of 200 mm to maximise the number of particles in the physical tests and
simulations. The physical and DEM results from the swing-arm slump tests are shown
by the pile profiles in Figure 4.18, where the surface profiles are jagged from the
presence of coarse particles. Setting µ s

p.p

at 0.6 and µ r

p.p

between 0.05 and 0.1 is

sufficient to obtain a granular pile which matches well to the physical pile as shown in
Figure 4.18. Under rapid flow conditions µ r p.p = 0.2 also seems to be adequate to model
the flow of the coarse coal particles, however µ r

p.p

= 0.2 seems excessive and further

simulations using a greater quantity of particles is ideal to examine the suitability of
large µ r p.p to model bigger granular piles. The measured ρbl from the DEM models were
831, 812, 781 and 725 kg m-3 where µ r

p.p

equals 0.01, 0.05, 0.1 and 0.2, respectively.

The experimental ρbl for PSD 2 ranged between 779 and 852 kg m-3 indicating that the
best fit-for-purpose µ r p.p is between 0.05 and 0.1 to achieve realistic packing of the coal
particles and bulk flow under unconfined flow conditions.
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Figure 4.18 DEM and experimental pile profiles for dry washed coal from 100 I.D.
swing-arm slump test – PSD 2, µ s p.p = 0.6

4.9.2

Flat bottom hopper discharge test of dry coal

The flow behaviour of dry coarse coal from the flat bottom hopper was examined using
the parameters outlined in Table 4.3. The dry PSD 2 coal was free flowing but particle
interlocking occurred and mechanical arches easily formed when B ≤ 60 mm. The
results from the physical and DEM tests are summarised in Table 4.13 and the pile
profiles on the 150 I.D. base below the hopper are shown in Figure 4.19. Reviewing
Table 4.13 and Figure 4.19 where µ s

p.p

has remained constant at 0.6 in the DEM

simulations, the best value of µ r p.p, which is ideal to model the PSD 2 coal and obtain a
good correlation between the DEM and physical pile profile (Figure 4.19), hp and θR,d is
0.01. µ r p.p = 0.05 is also sufficient to model the dynamic and static behaviour of the coal
particles in the hopper where there is also a good correlation between the DEM and
physical θR,d but more particles are retained on the base below the hopper resulting in a
greater hp.

Table 4.13 Summary of DEM results from the flat bottom hopper discharge of dry coal
- PSD 2, B = 80 mm
θR (deg)
hp (mm)
θR,d (deg)
µs p.p µr p.p
Exp = 29 – 30
Exp = 36 – 40
Exp = 51 – 54
0.6

0.01

22 - 30

33

50 - 52

0.6

0.05

29 - 31

44

50 - 56

0.6

0.1

29 - 38

45

61 - 69
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Figure 4.19 DEM and experimental pile profiles for dry washed coal from flat bottom
hopper discharge test – PSD 2, B = 80 mm, µ s p.p = 0.6
Table 4.14 shows a comparison between the experimental and DEM discharge rate and
flow patterns for the dry PSD 2 coal. The correlation between the DEM (µ s p.p = 0.6,
µ r p.p = 0.01) and experimental discharge rate and flow patterns is good. Comparing the
results in Tables 4.10 and 4.14, a better correlation between the experimental and DEM
discharge behaviour exists when the particles are modelled close to full scale.
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Table 4.14 Comparison of experimental and DEM hopper discharge behaviour of dry
coal - PSD 2, B = 80 mm
DEM µ s p.p = 0.6, µ r p.p = 0.01
Experiment

t=0s

t = 0.25 s

t = 0.5 s

t=1s

t=2s
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4. 10 Summary of results
From the results presented in this chapter to model the static and dynamic behaviour of
fine and coarse coal using the swing-arm slump and flat bottom discharge tests, it is
apparent that there is not a distinctive set of interaction parameters or material model for
coal. One set of parameters determined from one representative calibration test was not
also ideal to accurately model the coal in another application. Table 4.15 summarises
the results from the DEM calibration simulations and lists the range of values for µ r p.p
and Ce which were deemed suitable to obtain a good correlation between the numerical
and physical results. The results in Table 4.15 are based on µ s p.p = 0.6 where µ s p.p was
found not to be as sensitive as µ r p.p in the applications examined.
Table 4.15 Summary of suitable DEM parameters to model dry and moist washed coal
Ce x106
Calibration
Moisture content
PSD
µr p.p
(J m-3)
test
(% wb)
≈0
Slump

7.5

60 or 100 I.D.

3.0 – 3.5 (60 I.D.)
0.1

3 – 3.5 (60 I.D.)

15
Hopper

1

≈0

1.75 -2.0 (100I.D.)

3.0 (100 I.D.)
0.05

-

B = 40 or

7.5

120 mm

15

1.75 – 2.0

≈0

-

Bulk Density

7.5

0.1

0.05 – 0.1

1.5 – 1.75

3.5

15
Slump

0.05 – 0.1

100 I.D.
Hopper
B = 80mm
Bulk Density

2

≈0

0.01

-

0.01 – 0.05

Even though the coal particles were modelled as non-spherical particles, a rolling
resistance model was still required to achieve realistic bulk flow behaviour. Generally, a
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lower µ r p.p was required with PSD 2 compared with PSD 1 where the particle size was
scaled. Due to the scaling and simplification of the particle size and shape, additional
rolling resistance was required to compensate for the inability to easily (and feasibly)
model random particle shapes, angularity and asperities that influence the bulk flow and
mechanical locking of fine coal. Table 4.15 provides a good guide on selecting
appropriate values for parameters in the H-M and linear cohesion contact models to
analyse the flow of dry or moist washed coal under rapid flow conditions such as chute
flow or confined flow where the coordination number is high such as hopper discharge
or flow through rock box type chutes.

4. 11 Discussion
This chapter has outlined the techniques developed to successfully determine suitable
particle-to-particle parameters to model dry and moist washed coal using the H-M and
linear cohesion contact models and non-spherical particle shape representation. Two
different particle size distributions of coal were examined and the effects of scaling up
the particle size distribution to feasibly compute the DEM models and reduce the
required quantity of particles. The sensitivity of Gp, µ s
examined where Gp and µ s

p.p

p.p,

µr

p.p

and Ce were also

were found not be sensitive to model the bulk flow of

cohesionless coal. However, Gp is sensitive when modelling cohesive systems using the
linear cohesion model as Ce is dependent on Gp. µ r p.p and Ce were sensitive parameters
which were application or flow regime dependent variables where the material models
developed from the different calibration tests were not always identical. Further
examination of the sensitivity of µ s p.p is required over a greater range of µ s p.p as µ s p.p
was only examined over a narrow range using a sufficient µ r p.p in this chapter. A more
comprehensive sensitivity analysis of µ s

p.p

has been conducted in Chapter 5 using

polyethylene pellets.

Further validation of the calibration procedure and the material models developed for
coal using simple bench scale tests is required to examine the accuracy to model particle
flow on large scale systems and applications. Chapter 5 examines the numerical
calibration of polyethylene pellets and evaluates the difference between the developed
DEM material models using alternative bench scale calibration tests examined in this
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chapter. Chapter 6 utilises the developed material model from Chapter 5 to examine the
bulk flow of polyethylene pellets through a belt conveyor transfer station fitted with a
flat impact plate to verify the DEM predications against experimental and analytical
results to evaluate the accuracy and sensitivity of the calibrated material model
developed.
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Chapter

5
Development of a DEM material model for polyethylene
pellets
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Chapter 5 - Development of a DEM material model for polyethylene pellets

5. 1 Introduction
This chapter examines the development of a DEM material model for cohesionless
linear low density polyethylene pellets (PP) using the H-M contact model. The effects
of particle shape representation are investigated and the variation of µr p.p between the
new swing-arm slump test, translating tube slump test and conical hopper discharge test
are also examined. Methods to reduce the number of particles in the simulation domain
and reduce computational resources by particle size scaling, simplification of the
particle shape and scaling of the particle solid density are examined. The sensitivity of
µs p.p on the profile of the conical formed has been explored by conducting a sensitivity
analysis.

5. 2 Bulk material characterisation and work scope
Linear low density polyethylene pellets grade LL0130AB (Qenos 2005) were selected
for this investigation as it is a robust and consistent material, allowing the development
of a DEM material model which is utilised in Chapter 6 to model the flow of PP through
a flat impact plate conveyor transfer station. The PP are reasonably narrow-sized with
an average particle diameter of 4.55 mm which has been determined by averaging the
measured widths of 10 particles across three axes using a vernier caliper. The particle
size distribution of the PP was determined by sieving; 99.28 percent of the particles
were between 4 to 5.6 mm and 0.72 percent were between 2.8 and 4 mm. The pellets are
irregular in shape (see Figure 5.2(a)) but are relatively spherical where the average
minor and major diameters measured with a vernier calliper are 3.8 mm and 5.25 mm
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respectively, as listed in Table 5.1 along with the measured solid and loose-poured bulk
density.
Table 5.1 Summary of polyethylene pellets flow properties
Property
Value
Unit
Comment
Solid density ρs

925

kg m-3

Loose-poured bulk density ρbl

535 - 546

kg m-3

Average particle diameter davg

4.55

mm

Average minimum particle diameter dmin

3.8

mm

Average maximum particle diameter dmax

5.25

mm

Average particle aspect ratio

1.39

-

Gas pycnometer

To examine the flow of the PP under varying conditions and regimes, this chapter has
investigated the flow of PP under slumping conditions using the translating tube slump
tester (see Section 3.5.1) and the swing-arm slump tester (see Section 3.5.2) and pouring
conditions using the conical hopper discharge test (see Section 3.5.3). DEM simulations
of the slump and conical hopper experiments were conducted in EDEM to find suitable
interaction parameters to match the experimental results. The loose packing of spherical
and non-spherical particles into a cylinder was also examined. The translational velocity
Vtt of the translating tube slump tester varied between 10 and 200 mm s-1 to investigate

the effects of Vtt on the profile of the conical pile formed. A 60 I.D. tube and 150 I.D.
base ring were used for the slump tests where approximately 230 grams of PP were
loosely poured into the 60 I.D. tube to a fill height of approximately 150 mm. The
conical hopper discharge experiment was conducted by placing the stainless steel
hopper (Grade 304-2B) 100 mm (hd) above the empty base ring and pouring
approximately 1 kilogram of PP into the hopper as shown in Figure 3.14.

5. 3 Measurement of the coefficient of friction
The Coulomb static friction coefficient µs p.p was measured as a bulk parameter using
two techniques. The JST as discussed in Section 2.11 was used to measure φw and the
static wall friction angle φs has been determined using a similar experimental setup used
by Li et al. (2005) shown in Figure 5.1(a). The static friction tester, which was only
used for the PP in this thesis consisted of a small PVC ring (43 I.D., depth = 15 mm)
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which was filled with PP. Weights were placed on top of the product and the shear force
was applied by placing water into a suspended bucket connected to the PVC ring using
wire and a pulley arrangement shown in Figure 5.1(a). The shear force was increased
until slip occurred between the PP and the wall coupon where φs was evaluated. The
latter procedure was repeated several times under varying normal loads to obtain an
average φs. As the PP are small, it was difficult to determine µs p.p using the inclination
tester described in Section 3.4.9, so a wall sample of polyethylene was prepared by
melting PP to form a square wall coupon shown in Figure 5.1(b) to conduct wall
frictions tests on. The results from the wall friction tests using the JST and static wall
friction test of the PP on the polyethylene coupon (Figure 5.1(b)), acrylic and SS 3042B wall samples is summarised in Table 5.2.

The PP are relatively cohesionless and φw is practically constant for normal wall
pressures below 12 kPa. Typically it is expected that φs will be marginally greater than
φw for granular material (Schulze 2007) but the results in Table 5.2 indicate that this is
not the case. As the difference between φw and φs is minor, estimating µ s using a direct
shear method is adequate where possible and is slightly conservative for this set of
results which have been used to estimate µ s p.p and µ s p.w.

(a)

(b)

Figure 5.1 Estimation of µs p.p – (a) experimental setup to measure φs, (b) preparation of
the polyethylene wall coupon
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Table 5.2 Values of friction measured and used in DEM simulations for interactions
with polyethylene pellets
φw (deg)
φs (deg)
DEM parameter
(tan φw) a

(tan φs) b

µs p.p or µs p.w

Polyethylene (Melted coupon)

16.5 (0.3)

15.8 (0.28)

0.3

Acrylic

18 (0.32)

16 (0.29)

0.32

12.3 (0.22)

11.5 (0.2)

0.22

Material

Stainless steel 304-2B finish
a
b

Obtained from the Jenike shear tester
Obtained from the static wall friction tester

5. 4 Initial DEM parameters and setup of DEM models
The mechanical and interaction properties of the PP that were used for this investigation
are listed in Table 5.3 and have been estimated from available literature or laboratory
tests. The coefficients of restitution listed in Table 5.3 are the average values
determined by repeating the experiments several times where the impact velocity varied
between 2 and 4 m s-1, summarised in Table A.2. The polyethylene wall coupon shown
in Figure 5.1(b) has been used to determine ep.p and ep.w between PP and SS 304-2B has
been approximated from the impact of PP against mild steel shown in Table A.2. The
coefficient of restitution between PP and the boundary surfaces is not critical during the
slump or hopper discharge experiments and accurate determination of ep.w is not
essential.

DEM simulations of the swing-arm slump test were setup and conducted in the manner
as discussed in Section 4.6. The translating tube slump test was setup similar to the
swing-arm slump test but the 60 I.D. tube was translated vertically upwards at a
specified Vtt once the particles were packed into the tube. The conical hopper discharge
tests were modelled and setup similar to the schematic shown in Figure 3.14, where
particles were placed into the hopper while the outlet was closed until a total mass of
particles were present in the hopper.

The rolling friction coefficient between the PP and boundaries µr p.w were determined
using the procedure outlined in Section 3.5.5 and shown in Figure 3.16 where the angle
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of gross slippage or rolling ranged between 18 and 20 degrees for PP on acrylic and SS
304-2B, respectively.
The numerical time step ∆t of the simulations was calculated based on 0.3tr using the
smallest sphere in the simulation. The maximum particle velocity was below 2 m s-1 and
based on an average relative velocity of 1 m s-1 the selected time step (0.3tr) was less
than 10 percent of the elastic collision time (Equation 2.66), which is greater than the
recommend time step by Silbert et al. (2001) of tcontact/50.

Parameter

Table 5.3 Summary of various DEM parameters
Value
Unit
Comment

ρs p

1000

kg m-3

See Section 5.5, unless noted otherwise

ρs w

1200

kg m-3

Acrylic, measured

ρs w

8000

kg m-3

SS 304-2B, (Matweb 2010)

Ep

250

MPa

Ew

2.7

GPa

Acrylic, approximated from (Arkema 2010)

Ew

200

GPa

SS 304-2B, (Matweb 2010)

νp

0.38

-

PP, assumed

νw

0.35

-

Acrylic (Arkema 2010)

νw

0.29

-

SS 304-2B, (Matweb 2010)

ep.p

0.7

-

PP-to-PP

ep.w

0.66

-

PP-to-Acrylic

ep.w

0.65

-

PP-to-SS 304-2B

µs p.p

0.3

-

PP-to-PP, unless noted otherwise

µr p.w

0.2

-

PP-to-Acrylic

µr p.w

0.2

-

PP-to-SS 304-2B

5.4.1

PP, Grade LL0130AB, approximated from
(Qenos 2005)

Particle shape representation

To explore the effects of particle shape, spherical and non-spherical (shaped) particles
were used to model PP. PP have a sphero-cylindrical shape and a relatively narrow
particle size distribution. Table 5.1 lists the various average diameter measurements for
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a pellet where the aspect ratio is approximately 1.4. The non-spherical particles were
represented by overlapping two spheres with R = 2.2 mm as shown in Figure 5.2(c) to
give an aspect ratio of 1.4. A two-sphere representation was chosen to retain similar
computation periods to the simple single sphere representation but still model a particle
that has an irregular trajectory and moment of inertia around each axis of spin and
therefore ability to freely roll. Although the non-spherical particle shown in Figure
5.2(c) does not look identical to the PP shown in Figure 5.2(a), the mechanical
difference to the spherical particle (Figure 5.2(b)) is notable and is a feasible
approximation of the real particle. A multi-sphere approximation of an elliptical particle
would provide a better correlation to the real PP but requires a larger number of smaller
spherical elements of varying diameter to adequately model the PP shape which is more
computationally expensive (Markauskas et al. 2010).

(a)

(b)

(c)

Figure 5.2 Representation of the polyethylene pellets - (a) photo of polyethylene
pellets, and DEM representation of the polyethylene pellets using b) a single sphere and
c) overlapping spheres
The spherical particles were scaled-up by approximately 23 percent from a particle
diameter of 4.55 to 5.6 mm to examine the effects of particle size scale-up and explore
alternative validated methods to reduce the number of particles required for large-scale
simulations. Based on a particle density of 925 kg m-3 and d = 4.55 mm, 21,919 particles
are required per kilogram of product. However, if the particle diameter is increased to
5.6 mm, only 11,757 particles are required, whereby an increase of particle diameter of
23 percent approximately leads to a 46 percent reduction in the number of particles
required, which can reduce the simulation time of a model dramatically.
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5. 5 Effect of rolling friction and solid density on the loose-poured bulk density
An important property in many bulk material applications is the packing of particles
under consolidated and loosely poured conditions. With a constant µ s

p.p

= 0.3,

approximately 0.23 kilograms of particles were uniformly injected into a
60 I.D. tube from a round plane above the tube to loosely pack the particles. Figure 5.3
shows the relationship between ρs p and µ r p.p on ρbl of an assembly of particles. As µ r p.p
increases, the voidage consequently increases, which reduces ρbl as the relative motion
between particles is restricted and the particles dilate. It is clear that the particle shape
and size directly affect the packing of cohesionless particles. When larger spherical
particles are modelled using ρs p = 925 kg m-3, the numerical ρbl as shown in Figure 5.3
is below the experimentally measured range. However, the numerical bulk density using
a shaped particle representation (Figure 5.2(c)) with ρs p = 925 kg m-3 and a low rolling
friction coefficient µ r

p.p

= 0.01 compares well to the experimental ρbl. When µ r

p.p

is

increased, the difference between the bulk density for spherical (d = 5.6 mm) and
shaped particles decreases until µ r

p.p

= 0.2 where ρbl begins to remain relatively

constant.

640
ρs=1000kg/m3- Spherical

620

ρbl
-3

(kg m )

ρs=925kg/m3 - Spherical

600

ρs=1000kg/m3 - Shaped

580

ρs=925kg/m3 - Shaped

560
540
Exp

520
500
480
0

0.05

0.1

0.15

0.2

µr p.p
Figure 5.3 Variation of bulk density ρbl due to solid density ρs p, particle shape and
rolling friction coefficient µ r p.p
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To examine the effects and sensitivity of scale-up of ρs p on the loose packing of the
particles and the bulk behaviour of the particles, ρs p of both the spherical and shaped
particles was increased. Using a single sphere to represent a non-spherical shape can
underestimate the real particle volume which miscalculates the actual volume of each
particle and underestimates the particle mass. Increasing ρs

p

by 8 percent to 1000

kg m-3, increases the numerical weight force of each particle and results in a numerical
bulk density that matches well to the measured bulk density at rolling friction
coefficients µ r p.p ≥ 0.1 for spherical and µ r p.p ≥ 0.15 for shaped particles as shown in
Figure 5.3. The additional advantage of increasing the solid density is the marginal
reduction of the number of particles required for simulations which is practical for large
scale simulations. Figure 5.4 shows a comparison between the profiles of the piles
formed using the translating tube slump tester to examine the effect increasing the
particle gravitational force on shaped particles has on the physical behaviour of the bulk
material. A coefficient of rolling friction µ r

p.p

= 0.01 was used for all the DEM

simulations in Figure 5.4 and a tube velocity Vtt = 10 and 200 mm s-1 was also
examined. By comparing the DEM results, it is evident that the difference between
using ρs p of 925 and 1000 kg m-3 is minor.

60
ρs=1000kg/m3 Vtt=10mm/s
ρs=925kg/m3 Vtt=10mm/s
ρs=1000kg/m3 Vtt=200mm/s
ρs=925kg/m3 Vtt=200mm/s
Exp Vtt=10mm/s
Exp Vtt=200mm/s

50
40
30
20
10
0
-80

-60

-40

-20

0

20

40

60

80

Figure 5.4 The influence of solid density ρs p on the profile of the pile formed from the
translating tube slump experiment - shaped particles, µ r p.p = 0.01
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5. 6 Comparison between pile formation procedures
As shown in Figure 5.5 by the measured profiles of the various piles formed, there is a
variation in the experimental height and also the angle of repose of a granular pile due
to the procedure used to form the pile. The largest angle of repose and highest pile is
obtained by slowly lifting a tube filled with bulk material at 10 mm s-1 compared to
swing-arm slump tester where the pile is formed more rapidly. The height of the pile
formed using the translating tube slump tester is dependent on the vertical velocity of
the lifting tube, as shown in Figures 5.6 and 5.7 using PP and fine dry washed coal,
respectively.

Translating Tube Vtt=10mm/s
Translating Tube Vtt=200mm/s
Hopper Discharge
Swing-Arm

50
40
30
20
10
0
-80

-60

-40

-20

0

20

40

60

80

Figure 5.5 Comparison between the pile profiles of polyethylene pellets using the
various experimental procedures
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Figure 5.6 Influence of Vtt in the translating tube slump test experiments of
polyethylene pellets
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At Vtt > 50 mm s-1 for PP, the change in θR and hp of the pile remains fairly constant,
shown in Figure 5.6. A disadvantage of the translating tube slump tester is the effect of
friction between the bulk material and the tube which can cause cohesive material to
stick to the tube and potential slip-stick phenomena.
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Translating Tube Vtt=10mm/s
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Figure 5.7 Influence of Vtt in the translating tube slump test experiments and
comparison to the swing-arm slump test of dry washed coal – PSD 1
Figure 5.8 shows a DEM comparison between the average and maximum particle
velocity and duration of each procedure from the time when the particles are released.
The quickest and most dynamic procedure is the swing-arm slump tester and the
translating tube slump tester with a high lifting velocity. When the tube is lifted slowly
in the translating tube experiment it takes a longer period for particles to start
discharging from the tube as the tube restricts the particle discharge rate which allows a
larger pile to be formed with a greater angle of repose as depicted in Figures 5.6 and
5.7. As shown in Figure 5.8, a rapid discharge period occurs when the last few particles
remain in the tube. The highest particle velocities are present in the conical hopper
experiment as particles free fall for a short period prior to impacting the pile below the
hopper.
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Figure 5.8 Comparison of the average and maximum particle velocity between pile
formation experiments - spherical particles, µ r p.p = 0.05, t = 0 seconds start of procedure
after particle placement initiation

5. 7 Translating tube slump test experiments
Using ρs p = 1000 kg m-3 and the parameters listed in Tables 5.2 and 5.3, several DEM
simulations were conducted to examine an appropriate µ r p.p and the influence of particle
shape to model the translating tube slump tests where Vtt =10 and 200 mm s-1. Vtt
between 50 and 200 mm s-1 were only examined in the laboratory experiments and not
numerically as the difference between results were minor as indicated in Figure 5.6.
Figures 5.9 and 5.10 show the pile profiles formed with Vtt = 10mm s-1 using shaped
and spherical particles (d=5.6mm) respectively, where µ r

p.p

was varied between 0.01

and 0.1. Figure 5.9 shows that when shaped particles were used in simulations where
the particle angular and translational velocity was low, the incorporation of rolling
friction into the DEM model is not as critical. A low rolling friction coefficient of 0.01
is sufficient to closely match the DEM pile profile to the experimental profile. However,
it is evident that rolling friction is required for spherical particles, as highlighted in
Figure 5.10, where µ r p.p = 0.05 is necessary to achieve an adequate angle of repose.
Therefore, under conditions where particle rotation is negligible under quasi-static
conditions, such as a direct shear test, restricting particle rotation by utilising nonspherical particles can be sufficient to avoid using additional (unrealistic) rolling
friction. Applying excessive rolling friction restrains the rotational motion of the
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particles too much allowing for slightly higher piles to be formed as demonstrated in
Figures 5.9 and 5.10.

60
Exp
µr=0.1
µr=0.05
µr=0.01

50
40
30
20
10
0
-80

-60

-40

-20

0

20

40

60

80

Figure 5.9 DEM and experiment comparison of translating tube slump experiment shaped particles, Vtt = 10 mm s-1
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Figure 5.10 DEM and experiment comparison of translating tube slump experiment spherical particles, Vtt = 10 mm s-1
Figures 5.11 and 5.12 show the DEM and experimental profiles of the piles formed
when Vtt = 200 mm s-1. Although shaped particles are used in Figure 5.11, µ r p.p = 0.1 is
essential to replicate the physical behaviour. For spherical particles in Figure 5.12, a
minimum µ r p.p of 0.1 is required but the influence of rolling friction on shaped particles
is marginally greater compared to spherical particles.
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Figure 5.11 DEM and experiment comparison of translating tube slump experiment shaped particles, Vtt = 200 mm s-1
The limitation of only using two overlapping spheres along one axis to create a spherocylindrical like shape is the limitation to restrict particle rotation around all axes by
physical attributes and the moment of inertia. By varying Vtt, the flow conditions can be
easily controlled to produce realistic flow behaviour for large-scale simulations, which
is ideal as the required rolling friction coefficient displays a strong dependency on the
average particle velocity using the rolling torque model of Equation 2.59.
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Figure 5.12 DEM and experiment comparison of translating tube slump experiment spherical particles, Vtt = 200 mm s-1
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5. 8 Swing-arm slump test experiments
Figures 5.13 and 5.14 show the results from the DEM simulations of the swing-arm
slump test where µ r p.p was examined between 0.01 and 0.2 against the experimental data
using spherical and shaped particles, respectively. Similar to the translating tube slump
test with a tube velocity of 200 mm s-1 (Figures 5.11 and 5.12), µ r p.p = 0.1 provides the
best comparison between the DEM and laboratory piles using spherical or shaped
particles. Figures 5.13 and 5.14 suggest that increases of µ r

p.p

above 0.15 result in

negligible changes in flowability and θR. This is a similar trend observed between the
relationship of ρbl and µ r

p.p

(Figure 5.3). µ r

p.p

≤ 0.01 for the swing-arm slump tests

provides an inadequate θR especially for spherical particles where the upper surface of
the pile in Figure 5.13 is essentially flat. Figure 5.14 shows that small angles of repose
are possible using shaped particles with low rolling friction coefficients.
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Figure 5.13 DEM and experiment comparison of swing-arm slump experiment spherical particles
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Figure 5.14 DEM and experiment comparison of swing-arm slump experiment - shaped
particles
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5. 9 Conical hopper discharge experiments
Measurement of θR by pouring bulk material onto a flat surface using a conical hopper
to form a conical pile appears to be the most popular method used in laboratories
(Schulze 2007, p.172). This experiment is simple but unlike most methods where the
conical hopper is slowly lifted vertically to form the steepest conical pile, the hopper in
this experiment has been fixed so the outlet was 100 mm above the 50 mm high ring. If
the distance between the outlet and pile surface is large the velocity of the particles
impacting the pile is excessive and can potentially flatten the conical pile. The aim of
this experiment was to investigate the effects of a steady-state continuous flow on a
conical pile instead of quick rapid flow. Figure 5.8 shows that the average numerical
velocity of the particles from the hopper discharge experiment is approximately
0.1 m s-1 for two seconds, which is marginally quicker than the translating tube
experiment with Vtt = 10 mm s-1 but the highest particle velocities are obtained from the
conical hopper discharge test.

The profile of the conical pile formed from the hopper discharge laboratory experiment
is similar to that measured using the translating tube slump tester with Vtt =
200 mm s-1 as illustrated in Figure 5.5. Although the profiles are similar, the required
rolling friction coefficients in the DEM simulations are different where a lower rolling
resistance is required for the hopper discharge simulations by a factor of 10. Figures
5.15 and 5.16 show that a rolling friction coefficient of 0.01 is sufficient to match the
DEM results to the laboratory data. Comparing Figures 5.15 and 5.16 using the same
rolling friction coefficients, the height of the piles using shaped particles are marginally
greater demonstrating that a lower opposing rolling torque is required on shaped
particles. It is clear in Figures 5.15 and 5.16 that rolling friction has a great influence on
the formation of a conical pile via pouring and the dynamics of the particles as the
height difference between a low (µ r

p.p

= 0.01) and high (µ r

p.p

= 0.1) rolling friction

coefficient is considerable.
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Figure 5.15 DEM and experiment comparison of hopper discharge experiment spherical particles
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Figure 5.16 DEM and experiment comparison of hopper discharge experiment - shaped
particles

5. 10 Sensitivity of the static friction coefficient
The angle of repose of a pile can vary for different values of sliding and rolling friction
as shown by Rojek et al. (2005). This chapter has focussed on the sensitivity of the
rotational friction model, which is fundamental to model the physical behaviour of
spherical particles and particles that have a higher degree of sphericity in dynamic
applications using DEM. To examine the sensitivity of µs p.p on θR and hp, a series of
DEM simulations of the translating tube slump experiment using a translating velocity
Vtt = 10 and 200 mm s-1 were performed. For this investigation a rotational friction
model was incorporated where µr p.p was selected from the DEM simulations in Figures
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5.9 through 5.12 which correlated well to the experimental results. As the velocity of
the tube during the slump test has the greatest influence on the profile of the pile
formed, µr

p.p

= 0.05 and 0.1 were selected for the analysis where Vtt = 10 and 200

mm s-1, respectively for the DEM simulation using both spherical and shaped particles.

To investigate the effects of µs p.p between the particles on the formation of a pile, values
of µs p.p less than and greater than the experimental value (µs p.p = 0.3) were selected as
shown in Figures 5.17 and 5.18. Examination of Figures 5.17 and 5.18 indicate that the

θR and hp are sensitive to µs p.p using both spherical and shaped particle representations
in the DEM models. When µs p.p < 0.3, there is a distinctive change in the profile of the
piles formed irrespective of the velocity of the tube during slumping where smaller piles
with lower angles of repose are formed. When µs

p.p

≥ 0.3, there are marginal or

insignificant changes to the pile profiles. Figure 5.17 shows that larger and steeper piles
are formed using multiple spheres to create a non-spherical particle compared to a
single spherical particle due to the inherent geometrical attributes of non-spherical
particles, which reduces the freedom for a particle to roll as they can interlock.
Therefore, the profile of a pile and the general bulk behaviour of an assembly of
particles is sensitive to µs p.p, µr p.p and the particle shape representation method adopted.
A characteristic angle of repose can be modelled using an adequate combination of the
sliding and rolling parameters in the contact models. As µs p.p and µr p.p are sensitive in
DEM models, the strategy to calibrate DEM models can be a gruelling and time
consuming process if there are numerous sensitive parameters to fine-tune. However, if
the number of sensitive parameters which are iterated are minimised such as µs p.p, the
calibration and optimisation period can be reduced to develop a calibrated DEM
material model quicker. Applications which are dependent on the internal shearing
(Härtl and Ooi 2008) and confined compression (Chung and Ooi 2008a) of particles in
an assembly will require additional specific calibration techniques to verify the contact
model parameters.
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Figure 5.17 Sensitivity analysis of static friction coefficient µs p.p on the angle of repose
θR and height of the pile hp formed using the translating tube slump experiment in the
DEM simulation of spherical and shaped particles - Vtt = 10 mm s-1, µr p.p = 0.05
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Figure 5.18 Sensitivity analysis of static friction coefficient µs p.p on the angle of
repose θR and height of the pile hp formed using the translating tube slump experiment
in the DEM simulation of spherical and shaped particles - Vtt = 200 mm s-1, µr p.p = 0.1

5. 11 Computational time

Using identical parameters such as Ep, νp, ρs p, ep, µs p.p and µr p.p, the simulation times
and details of the DEM simulations of the translating tube and swing-arm slump testers
and the hopper discharge models have been listed in Table 5.4. The size of the grid cells
used for particle contact detection was 4.4 mm and 5.6 mm for the shaped and spherical
particles, respectively. Eight processors were used to solve the DEM simulations in
Table 5.4. The quickest models to solve were the swing-arm slump tester and the
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translating tube with Vtt = 200 mm s-1 due to the rapid flow of particles and the short
period for the particles to form a static conical pile. The slowest model to solve was the
hopper discharge tests as the real time is long compared to the swing-arm slump tester
and the model contains over 10,000 particles. Based on spherical particles, the swingarm slump test model is 15.6 times quicker to simulate compared to the hopper
discharge model from the time the particles are initiated into the model to the time when
a static conical pile is formed.

The disadvantage of many silo or hopper discharge simulations where the outlet orifice
is small, the real time to discharge the particles can be extensive especially if the mass
flow rate is low. This can be costly to model depending on the particle parameters. As
the shaped particles were smaller than the scaled spherical particles, more shaped
particles were required in the DEM models and a smaller time step was used which
consequently increased the computational time by a factor between 2.35 and 2.74.

Table 5.4 Summary of DEM simulations - µ r p.p = 0.05 - spherical particles d = 5.6 mm,
shaped particles d = 4.4 mm x 2
Experiment

Translating
Tube

Swing-arm

Vtt = 10 mm s-1
Vtt = 200 mm s-1

Hopper Discharge

Relative

Particle

Time step

No of

shape

(µs)

particles

time (s)

time (hr)

Spherical

9.37

2485

1.4

0.095

1.0

Shaped

7.36

3308

1.4

0.26

2.7

Spherical

9.37

2533

6

0.564

5.9

Shaped

7.36

3307

6

1.45

15.3

Spherical

9.37

2533

1.5

0.116

1.2

Shaped

7.36

3307

1.5

0.272

2.9

Spherical

9.37

10875

4

1.48

15.6

Shaped

7.36

14194

4

4.03

42.4

Total real Simulation

simulation
time

5. 12 Summary of results

It is evident that the magnitude of rolling resistance required in the DEM simulations to
match the obtained results with the experimental data is dependent on the particle shape
representation and environmental conditions. Table 5.5 shows the variation of the
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appropriate µr

p.p

required to correlate the DEM output to the experimental data.

Reviewing the various tests it is clear that the non-spherical particles, which were
created by clustering spheres, require a lower µr

p.p

compared to spherical particles.

Although it would be ideal to model all particle behaviour in various applications using
a single µr p.p value, Table 5.5 indicates that rolling friction has to be calibrated based on
the static and dynamic behaviour to be modelled. The DEM results obtained from loosepoured bulk density and hopper discharge tests indicate that µr p.p is more sensitive on
the particle behaviour compared to the swing-arm slump test.

Table 5.5 Summary of suitable rolling friction coefficients from the DEM simulations
Solid density
Particle
Calibration test

(kg m-3)

925
Bulk Density
1000
Translating Tube
Vtt = 10 mm s-1
Translating Tube
Vtt = 200 mm s-1
Swing-arm

Hopper Discharge

1000

1000

1000

1000

shape

Suitable µr p.p

Spherical

-

Shaped

0.01-0.05

Spherical

0.1-0.2

Shaped

0.15-0.2

Spherical

0.05

Shaped

0.01-0.05

Spherical

0.1

Shaped

0.1

Spherical

0.1-0.2

Shaped

0.05-0.1

Spherical

0.01-0.05

Shaped

0.01

5. 13 Discussion

This chapter has focused on investigating methods to calibrate DEM parameters of noncohesive polyethylene pellets and examine the influence of the solid density, static and
rolling friction coefficients on the bulk behaviour of a particle assembly under various
unconfined conditions. Simple spherical and non-spherical particles were used to
compare the conical piles formed in DEM simulations to laboratory results to examine
the validity of DEM contact model parameters, particle size scale-up and the effects of
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incorporating non-sphericity into particle shape representation. From the work presented
in this chapter the following conclusions are drawn:
•

Rolling friction is necessary to obtain realistic behaviour of rapid flowing bulk
material in unconfined applications especially for spherical particles and to a
lesser extent for non-spherical particles. Larger angles of repose and higher
conical piles were obtained with greater rolling friction coefficients but no
significant differences in results were observed with a rolling friction coefficient
of approximately 0.2 and greater.

•

Particle shape representation in DEM models is an important component to
obtain realistic mechanical and inter-locking behaviour of real particles, which is
limited using a single sphere.

•

The numerical loose-poured bulk density is dependent on the particle size and
shape, solid density and particle interaction parameters. Scaling-up the diameter
of spherical particles to represent a polyethylene pellet creates greater voidage
compared to shaped particles of similar geometry for the polyethylene pellet as
shown in Figure 5.2(c).

•

The lift velocity Vtt of the translating tube slump tester does influence the profile
of the conical pile formed and a close correlation of Vtt in the DEM model to the
experimental Vtt is required.

•

Marginally scaling-up parameters including the solid density and particle size is
an effective method to reduce computational time for calibration procedures and
large scale simulations. Although the material properties in the DEM models are
artificial, the bulk behaviour to form conical piles is similar as shown by the
results between the shaped and spherical particles, which are realistic and
artificial representations respectively, of the polyethylene pellets.

•

The difference between the static and kinematic wall friction angles is minor.
Measuring the wall friction angles from a wall yield locus seems to provide a
simple method to determine the static friction coefficient between particles and
boundaries or solely between particles if a test sample can be prepared correctly.

•

The static friction coefficient, which limits the maximum tangential contact
force, is a sensitive parameter in DEM models similar to the rolling friction
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coefficient, which needs to be sufficiently characterised to produce realistic
results.

Further investigation of the sensitivity of DEM parameters including particle shape to
accurately model large and complex particle systems is investigated in Chapter 6 to
model the flow of polyethylene pellets through a high speed conveyor transfer station.
Also further quantification of the developed DEM material model of polyethylene
pellets from the simple bench scale calibration techniques examined in this chapter is
conducted in Chapter 6.
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Chapter 6 - Validation of a flat impact plate conveyor transfer using a calibrated DEM model

6. 1 Introduction

This chapter presents a detailed comparative analysis between classical analytical
methods and DEM to predict the flow mechanisms associated with the deformation of
polyethylene pellets impacting a flat plate. Results from DEM simulations using the
calibrated material model from Chapter 5 and various analytical models are compared
with experimental results from a variable-geometry conveyor transfer facility to validate
and evaluate the numerical methods to solve granular flow problems. The study has
focused on evaluating the ability to accurately model material discharge trajectories, the
velocity of impact from the inflowing stream, the velocity of the material stream after
impingement and the resultant forces on the impact plate. A sensitivity analysis has
been conducted to investigate the variation of DEM parameters and contact models
(H-M and LSD) on the impact reaction forces and examine effective techniques to scale
parameters to reduce computational time and resources.

The impingement of granular material onto flat surfaces can involve complex flow
dynamics and can be difficult to model using analytical techniques in detail. There are
numerous industrial applications where particle-to-structure interactions occur such as
belt conveyor impact plate transfer stations consisting of a large number of particles and
complex particulate behaviour. Classical analytical methods can be used to provide a
quantitative description of the flow of granular material through a transfer point in
regards to trajectory and velocity distribution but are generally limited to 2-D analysis.
Detailed validation of the calibrated DEM models against experimental data is provided
in this chapter and the methods used to calibrate the DEM models and scale parameters,
such as d and Gp are assessed to determine if accurate predictions and results can be
obtained.
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Verification of the procedures used to characterise a bulk material for large scale
engineering DEM simulations in the literature is limited. A review of the literature also
indicates a lack of experimental verification of DEM models related to belt conveying
operations. Katterfeld et al. (2007) conducted an industrial validation of a high
throughput belt conveyor impact plate transfer station to measure the forces exerted by
the bulk material onto the impact plate and the receiving belt conveyor. Quantitative
verification of the normal impact force, mass flow rate and idler impact force was
conducted using DEM and experimental data. Due to the industrial environment and
conditions, comprehensive experimental data of the impact force on the impact plate
could not be collected to determine the shear force on the impact plate and the location
of the impact force. The differences between the DEM simulated impact forces and the
experimental data over a range of mass flow rates were minor, proving that the DEM is
able to predict the particle-to-structure contact forces with confidence.

Impact plates are typically implemented in the upper portion of a belt conveyor transfer
station to decrease the horizontal velocity component of the inflowing stream (Lonie
1989) to help guide the material onto a receiving belt, especially if the receiving belt is
angled with respect to the delivery belt. Impact plates are popular in the mining industry
to successfully transfer bulk materials with a moderate to high inflow stream velocity
and variable or adverse characteristics, such as angularity, particle size distribution,
moisture content and boundary friction (Scott and Choules 1993). Wear of an impact
plate due to impact or abrasive wear or a combination of both is a generic problem
associated with impact plates. DEM has the capability to determine the forces exerted
between bulk materials and the boundary and the distribution of the forces to help
predict the approximate service life of an impact plate. Approximation of the impact
stresses can assist in the evaluation of appropriate wear-resistant liners and improve the
reliability of a transfer station. Verification of the impact forces and the location of the
impact force predicted by DEM models against experimental data is essential to validate
DEM as a predictive design tool.
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6. 2 Analytical models

Rheological approaches to rationally calculate the resultant forces and velocities of bulk
material impinging an impact plate provide reasonable approximations (Lonie 1989).
The Korzen method (1988) is an approach that considers the complex plastic
deformation of cohesive and cohesionless bulk materials impinging a flat surface. The
Korzen model incorporates Newton’s laws of motion but is devised to be easily
implemented into belt conveying applications. It takes into account the conveyor belt
inclination angle αb, the angle of the impact plate β and initial belt conveyor discharge
conditions, such as the discharge angle αd, discharge velocity Vd and the thickness of the
material stream when discharging the belt hb. The flow of material on an impact plate is
complex due to the prospect of material reverse flowing and building up above the
inflowing stream, introducing plastic deformation between the moving stream and the
stationary zone. The presence of the “build-up” or “buffer” zone is dependent on the
initial conditions when the inflowing material impacts a flat surface, such as the impact
angle αp, friction between the particles and the impact plate µ p.w, impact velocity Vp,
mass flow rate ms and cohesion. Korzen’s model is based on the assumption that bulk
materials behave like a continuum and evaluates the material flow two-dimensionally to
simplify the analysis. The lateral spreading of material and generation of secondary
material streams after impingement are not specifically addressed in the Korzen models.
This could reduce the model’s ability to accurately predict the particle velocity and the
thickness of the stream after impingement.

Korzen assumes that the centre of gravity of the discharging load shape trajectory is
located in the centre of the material stream (0.5hb). The trajectory of the centre of
gravity of the bulk material discharging over the conveyor head pulley to the point of
impact is important to determine the location of contact with the impact plate. For this
analysis the approach specified by Conveyor Equipment Manufactures Association
(CEMA) (2007) has been employed to compare the analytical results to the
experimental and DEM data. Thus the height of the centre of gravity of the discharging
load shape a1 has been calculated as follows based on Figure 6.1:
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a1 = − r +

Bw3
+ hb
12 Asc

(6.1)

where
Asc ≈

r=

2 Bw hb hb 3
+
3
2 Bw

Bw 2 + 4hb 2
8hb

(6.2)

(6.3)

Figure 6.1 Calculation of the height of the centre of gravity a1 of the discharge profile

The Booth (1934) method was adopted to calculate the upper and lower trajectory limits
as well the centre of gravity of the material load shape. This method was employed as
there is a good correlation between the experimental and DEM data using similar bulk
materials and experimental rig setup (Hastie and Wypych 2009). Although the Booth
method is limited to predicting the lower trajectory profiles, the upper and centre of
gravity have been approximated by offsetting the trajectory profiles perpendicularly by
a calculated distance from the lower trajectory.

Based on the cohesionless Korzen model for high-speed conveyors where αd = αb and
Vd = Vb , the kinematic conditions of flow on an impact plate can be evaluated using
Figure 6.2 and the following key relations assuming that air drag is negligibly small.
The velocity of bulk material prior to impact on the flat surface is given by:
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V p = V p2η + Vd2 + 2V pηVd cos ( 90 + α d )

(6.4)

where

V pη =

g ( S + S0 )
Vd cos α d

(6.5)

If stationary flow will occur as a result of the following relation being satisfied:

α p + β > tan −1 µ p.w

(6.6)

the velocity of the material stream after impact can be estimated using an iteration
procedure to converge Va by estimating an initial cross-sectional area of the out-flowing
stream Aa using the continuity equation and the following expression:

Va = V p

sin 2 (α p + β ) − µ p.w cos 2 (α p + β ) 

Aa 

Ap

(6.7)

However, if stationary flow does not occur, there is no solution to Equation 6.7 due to
the presence of a negative square root. Arnold and Hill (1991) provided an estimation of
Va for the flow of cohesionless bulk materials onto a flat plate for using the following
equation where iteration is not required:
Va = V p sin (α p + β ) − µ p.w cos (α p + β ) 

(6.8)

In order to utilise Equation 6.8 the following condition should hold:

α p + β > tan −1 µ p.w

(6.9)

Korzen’s cohesive model (1988) has also been used to estimate Va by substituting the
cohesion stress with 0 kN m-2 as acknowledged by Burnett (2000), which models the
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bulk material in a cohesionless state. Readers are referred to Korzen (1988) for further
details on the cohesive model and implementation of the model.

The impulse-momentum equation provides a means for calculating directly the
magnitude and direction of reaction forces exerted by bulk material striking a flat
surface as given by:

∑ F = (V

v
p

v
− Va ) ms

(6.10)

Determining the relationship between the inflow velocity of the stream Vp and the initial
velocity of the stream after impingement Va allows the normal and shear reaction forces
to be evaluated by expressing Equation 6.10 in two dimensions relative to the impact
plate surface, as follows:

Rn = ( ρbl ApVp )V px = msVpx

(6.11)

Rs = ρbl ApV py2 − ρbl AaVa2

(6.12)

Equation 6.12 can also be correlated to the normal reaction force Rn as:

Rs = Rn µ p.w

(6.13)

which is useful to estimate the reaction shear force Rs when Va and Aa in Equation 6.12
can not be calculated accurately.

The reaction force R or the impact force of the bulk material striking the impact plate is
assumed to act at the point of intersection of the centre of gravity of the load shape and
the impact plate illustrated in Figure 6.2.
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Figure 6.2 Schematic showing the geometrical and kinematic conditions of
cohesionless flow on a flat vertical plate, adapted from Korzen (1988)

6. 3 Experimental setup

A high-speed variable-geometry conveyor transfer research facility at the University of
Wollongong was used to measure the impingement of bulk material onto an impact
plate. The facility shown in Figure 6.3 consists of three variable speed AerobeltTM air
supported belt conveyors of varying length and inclination angles which are arranged to
recirculate bulk material through the transfer station to obtain steady-state conditions.
Material is fed onto a conveyor from a bin through a Hogan valve which is supported by
four shear beam type load cells that allows the mass flow rate ms to be recorded. The
belt velocity of the delivery conveyor can be easily adjusted and was manually checked
using a tachometer. Further details of the conveyor transfer facility can be found in
Hastie (2010).

An impact plate transfer station was design and built by Leslie (2009) where assistance
was provided by the author in regards to the design and commissioning of the transfer
station. The impact plate transfer station, which is located between conveyor 2 and 3
(see Figure 6.3) consists of a mild steel impact plate that is supported by framework
with acrylic panels to contain the bulk material and allow for clear visibility of the
material flow for high-speed videoing and photography during testing. Both the impact
plate assembly and supporting framework assembly can be adjusted to cater for a range
of belt velocities between 2 and 5 m s-1. Although the impact angle can be adjusted, the
impact plate has been secured in a vertical position (β=0) for this investigation. Shown
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in Figures 6.4 and 6.5 the impact plate is suspended by two aluminium S type load cells
to measure the shear force and rests on four other shear beam type load cells to measure
the normal force on the impact plate. The impact plate is lightly restrained with a tie rod
to prevent the plate from floating excessively on the load cell buttons. Using the data
from the load cells, the magnitude and position of the reaction forces can be evaluated.
Depending on the material discharge velocity, the distance between the impact plate and
the centre of the head pulley; as indicated by dimension Z in Figure 6.4, is adjusted to
achieve an appropriate impact angle αp (Figure 6.2) and minimise the amount of
material splatter.

Figure 6.3 Schematic of the high-speed variable-geometry conveyor transfer research
facility

The load cells attached to the impact plate were connected directly to a dataTaker
DT800, which has more channels than a dataTaker DT80. The S and shear beam type
load cells were configured using a voltage bridge on the DT800 with an excitation of
8 V. The four load cells on the bin were connected in parallel or summed through a load
cell transmitter where the DT800 recorded the voltage signal from the transmitter. The
load cells were calibrated using dead weights (see Figure 8.18 for similar procedure) to
evaluate the calibration factor shown in Table 6.1. To verify the accuracy of the normal
force measuring systems and the technique to determine the location of the normal
force, a series of experiments were conducted where the impact plate assembly was
removed from the transfer station and positioned so that the impact plate was perfectly
horizontal. A mass of 5 kg was placed on the impact plate at specified locations shown
in Figure 6.6 and the normal force was recorded. Using Microsoft Excel, a spreadsheet
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was created to evaluate the raw data and determine the magnitude and location of the
normal and shear force on the impact plate. Figure 6.6 shows the comparison between
the experimental and measured normal force and the location of the normal force or
mass where there is a good correlation. The deviation between the locations of the
normal force is within 5 mm, which is sufficient for the purposes of this investigation.

Figure 6.4 Schematic of the impact plate transfer station
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(a)

(b)

Figure 6.5 Impact plate transfer station – (a) experimental test rig, (b) 3-D CAD model of
the transfer station
Table 6.1 Summary of the load cell details and calibration factors
DT800
Load Cell
Calibration
Load Cell Location
Channel
Specifications
Factor

Shear Force - Left

1

S type

0.0502 kg ppm-1

Shear Force - Right

2

100 kg

0.0502 kg ppm-1

Normal Force Upper Left
Normal Force - Upper
Right
Normal Force - Lower
Left
Normal Force - Lower
Right
Bin

3

Shear beam type
250 kg

0.1142 kg ppm-1

4

0.1140 kg ppm-1

5

0.0570 kg ppm-1

Shear beam type
125 kg

6

7

4 x 500 kg shear
beam type (summed)

0.0570 kg ppm-1
183.606 kg V-1
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Figure 6.6 Verification of the normal force measurement and location of the force

6. 4 Experimental procedure and test scope

Originally moist bauxite was going to be used as the test material for this investigation
but during the course of this thesis, the laboratory where all the physical testing was
conducted was relocated to a temporary off campus location including the conveyor
research facility. A consequence of the laboratory relocation was that no dust could be
generated in the temporary building and the equipment could not be cleaned with water.
Although it would have been ideal to examine the flow of a cohesive material through
the transfer station, the test product needed to be dustless and easy to clean up, which is
why polyethylene pellets were selected. Also polyethylene pellets were useful and
interesting to examine numerically due to their relatively high coefficient of restitution
in dynamic applications.
To examine the complex particle interactions of a stream of polyethylene pellets striking
an impact plate, a series of tests at different belt velocities Vb between 3 and 5 m s-1 and
mass flow rates were conducted. Once the impact plate was in the correct position
(shown later in Table 6.6) and measurements were collected for the DEM and analytical
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models (i.e. location of impact plate X, Y and Z), the conveyor belt velocity was set and
checked and the Hogan valve was opened to an approximate throughput. Setting a
constant specified ms was difficult, so the approach adopted in this study was to set the
Hogan valve at approximately 20 and 40 tph using Figure 6.7 as a guide and recalculate
the actual mass flow rate during testing to use in the DEM and analytical models. Figure
6.8 shows an example of the process used to calculate ms during an experiment by
evaluating the change of bin mass over a period of steady-state discharge. However, as
the material recirculates through the conveyor facility, there was only a short period
where steady-state discharge occurred before product was discharged back into the bin
again.
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33.0
30
22.4
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14.8
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8.4
4.2

1.8

0
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45

50

Hogan Valve Opening (deg)

Figure 6.7 Mass flow rate of polyethylene pellets from bin

Prior to discharge of PP from the bin, the data acquisition system was initiated to collect
data from all the load cells at a frequency of 2 Hz to zero all the channels. A higher
acquisition rate was possible on the DT800 but as the sampling rate was increased,
greater noise and fluctuation of the signal occurred. Due to the vibrations from the belt
conveyors, the load cells were sensitive to minor vibrations, which caused small
fluctuations in the load cell signal. This was unavoidable unless the transfer station was
completely isolated from the conveyor structure. Therefore, a sampling rate of 2 Hz was
sufficient to record the steady-state impact force. Once the conveyor belt velocity was
correct, the Hogan valve was opened to the approximate ms and once steady-state flow
through the transfer station occurred, data was collected for at least 10 seconds to
accurately determine magnitude and location of the reaction force. Figure 6.9 shows the
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evaluated normal and shear force from an experiment where Vb = 5 m s-1 and ms = 44
tph to calculate the reaction of the impact force and the location of the force using an
Excel spreadsheet.
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Figure 6.8 Measurement of the mass flow rate from the bin - Vb = 5 m s-1, ms = 44 tph

A high-speed camera was also setup parallel to the material stream to record the side of
the PP stream at 500 frames per second to evaluate Vp. Each experiment was repeated
twice, where the high-speed camera was relocated on the second experiment underneath
conveyor 3 head pulley so the camera was perpendicular to the impact plate to record
the PP stream after impact to evaluate Va. From the two experiments, the best set of data
was used for the DEM and analytical analysis. If PP wedged between the impact plate
and the acrylic covers of the transfer station, often the distribution of the normal and
shear force was affected as the plate began to drift. If this occurred the experiment was
repeated to obtain reliable data. Due to the difficulty to obtain repeatable ms from the
Hogan value, it was difficult to repeat the experiments a large number of times and
obtain reliable results (without significant variation) as the impact force and location
were dependent on ms.
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Figure 6.9 Measurement of the steady-state impact force - Vb = 5 m s-1, ms = 44 tph

6. 5 DEM model implementation

The DEM material model examined and developed in Chapter 5 for PP has been
implemented in this investigation. The spherical and shaped particle representations of
the PP shown in Figure 5.2 have been examined in this chapter to further investigate the
effects of particle shape modelling. The mechanical and interaction parameters are
summarised in Tables 5.3 and 6.2, where a scaled-up ρs p has been implemented and µr
p.p

has been selected from the swing-arm and translating tube (Vtt = 200 m s-1) slump

tests (see Table 5.5) where unconfined rapid flow occurred, which is a similar flow
mechanism present with the high-speed contact of PP onto a flat impact plate. The same

µr

p.p

has been used for both the spherical and shaped particles as there were minor

differences between the results presented in Sections 5.7 and 5.8 for spherical and
shaped particles.

Table 5.2 lists the measured values of µs p.p and µs p.w for PP-to-PP and PP-to-Acrylic
interactions, respectively and Table 6.3 lists the additional µs p.w values for PP-to-Mild
steel and PP-to-Conveyor belt using the measuring procedures discussed in Section 5.3,
which are required to model the particle flow through the conveyor transfer station.
Unlike the results shown in Table 5.2, the highest wall friction coefficents µs p.w were
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measured from the static wall friction test experiment which were used in the DEM and
analytical models.

The coefficient of rolling friction between the PP and the impact plate or conveyor belt
have been estimated for the spherical and shaped particles using the procedure outlined
in Section 3.5.5 and the values implemented into the DEM simulations are listed in
Tables 5.3 and 6.2. The coefficient of restitution between the PP and boundary surfaces
are also listed in Tables 5.3 and 6.2 based from the average results presented in Table
A.2.
Table 6.2 Summary of polyethylene pellets DEM properties
Parameter
Value
Unit
Comment

ρs p

1000

kg m-3

PP, see Section 5.5

ρs w

7800

kg m-3

Mild steel, (DEM Solutions 2009)

ρs w

950

kg m-3

Conveyor belt, measured

Ep

182

GPa

Mild steel, (DEM Solutions 2009)

Ew

100

MPa

Conveyor belt, assumed

νw

0.3

-

Mild steel, (DEM Solutions 2009)

νw

0.45

-

Conveyor belt, assumed

ep.w

0.66

-

PP-to-Mild steel

ep.w

0.4

-

PP-to-Conveyor belt

µr p.p

0.1

-

PP-to-PP, see Table 5.5

µr p.w

0.2

-

PP-to-Mild steel

µr p.w

0.2

-

PP-to-Conveyor belt

Table 6.3 Additional values of friction measured and used in DEM simulations for
interactions with polyethylene pellets

a
b

φw (deg)

φs (deg)

a

b

DEM or Korzen parameter

Material

(tan φw)

(tan φs)

Mild steel

12.3 (0.22)

15 (0.27)

0.27

Conveyor belt

33 (0.65)

35.1 (0.7)

0.7

µs p.w, µp.w

Obtained from the Jenike shear tester
Obtained from the static wall friction tester
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Both the H-M and LSD contact models are examined in this chapter, however as the PP
are cohesionless, the same set of contact model and interaction parameters have been
utilised in both contact models where Kn (see Equation 2.27) in the LSD model has been
evaluated based on the collision velocity Vn, rel between the PP and impact plate.
The numerical time step ∆t of the simulations was evaluated based between 0.25tr and
0.3tr using the smallest sphere in the simulation. A smaller time step (0.25tr) was
employed for Vb = 5 m s-1 to retain a similar ratio of the time step to the contact time
between the PP and impact plate. However, as a sensitivity analysis has been conducted
in this chapter, ∆t is one of the critical parameters that is varied in Section 6.6.2. ∆t of
the various DEM simulations are listed in Table 6.9.

6.5.1

Modelling of the conveyor transfer station

Direct validation of the DEM models to the experimental setup required the geometry to
match well in both environments. A parametric 3-D CAD model of the outer surfaces or
the surfaces that come in contact with particles was generated from direct measurements
off the experimental test rig and the CAD model shown in Figure 6.5(b). As the
conveyor belts were curved in shape, the profile of the belt was measured accurately to
create a material stream profile, which correlates well to the experimental profiles. The
inclination angle of the delivery conveyor shown in Figure 6.4 is 5 degrees. However,
the inclination angle of the belt αb prior to the head pulley is 7.5 degrees which has been
implemented into the analytical calculations and the DEM models.

Figure 6.10 shows the geometry generated of the impact plate conveyor transfer station
once imported into EDEM. The geometry was itemised and the appropriate interaction
and mechanical properties of each geometry or surface was defined. To model the
behaviour of the particles correctly discharging off the rotating head pulley, rotational
kinematic motion was applied to the head pulley geometry. An injection plane where
particles enter the simulation domain was created which is placed sufficiently upstream
of the head pulley to obtain steady-state flow before discharge. Particles are conveyed
along the delivery conveyor belt using a unique contact model discussed in Section
2.10.3 which displaces all particles in contact with the belt surface at a specified
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velocity and direction, while the belt surface remains non-moving (i.e. a moving plane
contact model). Although the entire conveyor transfer geometry has been modelled, the
interaction of the particles with the impact plate and the adjacent acrylic housing has
been primarily examined in this thesis.

Figure 6.10 DEM representation of the impact plate conveyor transfer station

6. 6 Results and discussion
6.6.1

Quantitative comparison

This section provides quantitative verification of the DEM and the bench-scale
experiments to calibrate the DEM parameters to model the impingement of granular
material onto a vertical impact plate against experimental data and analytical results
from the Korzen/CEMA/Booth methods. Although it can not model discontinuous
granular flow as comprehensively as DEM, the analytical Korzen method is suitable to
verify the experimental results as reasonable. The experimental data was collected and
evaluated initially to determine the parameters required for the DEM and Korzen
method to provide a conclusive correlation between the modelling techniques. The
width Bw and height hb of the discharging material stream was measured by taking a
photograph of the top of the discharging product stream and photo of the side of the
stream using a high-speed camera as shown in Figure 6.11. The average discharge
175

Chapter 6 – Validation of a flat impact plate conveyor transfer using a calibrated DEM model

velocity of the PP was evaluated as illustrated in Figure 6.11(b) using a high-speed
camera to examine if any slip was occurring at high belt velocities where the results of
the analysis are shown in Figure 6.12 for 3 ≤ Vb ≤ 5 m s-1. Due to the limited length of
conveyor 3, there was a short distance between the bin discharge chute and the head
pulley, the period of steady-state conveying was very short, which generates a small
degree of slip (approximately 0.15 m s-1 at Vb = 5 m s-1) between the bulk material and
conveyor belt at Vb ≥ 3 m s-1, shown in Figure 6.12. In the DEM simulations using
spherical or shaped particles, there was no slip present as depicted in Figure 6.12, where
Vd = Vb, as the particles were inserted into the simulation domain through the injection
plane with an initial velocity equal to the belt velocity and µr

p.w

was sufficient to

prevent excessive slip.

(a)

(b)

Figure 6.11 Measurement of the (a) material discharge width Bw and (b) height hb and
discharge velocity Vd - Vb = 3 m s-1 ms = 26 tph
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Figure 6.12 Comparison of the experimental and DEM discharge velocity Vd
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Conducting the DEM simulations over long periods similar to the physical experiments
(t > 10 s) to collect quantitative data was not computationally feasible. Instead, the
DEM simulations were setup so that after approximately 1 second the particles were
discharging from the head pulley steadily and approximately after 1.5 seconds, steadystate flow of particles onto the impact occurred where data was recorded at 0.02 second
intervals for approximately 0.3 seconds.

In this section, the DEM models have been conducted using the H-M contact model and
scaled spherical particles (d = 5.6 mm). Section 6.6.2 examines the sensitivity of
modifying critical DEM parameters and particle shape. Figure 6.13 and Table 6.4 show
a comparison between the components and magnitude impact force where the velocity
of the conveyor belt varies between 3 and 5 m s-1 for low and high mass flow rates listed
in Table 6.4. The correlation between the experimental results and the analytical and
numerical data for cohesionless PP is reasonably close. As there are minor vibrations in
the impact plate support system from the flow of material onto the acrylic housing and
lower chute surfaces, the fluctuations and creep in the data from the load cells are more
noticeable when the momentum of the material is low compared to when the
momentum is high. The difference between the DEM results and the experimental
results reduces at higher discharge velocities when the bulk material collides more
directly with the impact plate (αp  0°). The difference between all three techniques at
Vb = 5 m s-1 and ms = 44tph is minor. As the discharge velocity increases, the drop
height of the stream trajectory decreases and the impact angle αp decreases relative to
the horizontal axis as shown in Figure 6.15, resulting in a greater proportion of the
impact force acting normal to the impact plate. The error between the magnitude impact
forces determined from the analytical method and DEM shown in Figure 6.13 is
reasonably small, which is good to further verify the DEM results.
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Figure 6.13 Comparison of the magnitude impact force R on the impact plate - DEM
models: spherical particles d = 5.6 mm using H-M contact model

Table 6.4 tabulates the components of the impact force or the impact plate reaction
force and Table 6.5 evaluates the differences between the resultant forces measured or
computed from each method. Comparing the experimental results to the Korzen models,
the most significant deviation occurs in the calculation of the shear force Rs. It is
quickly noticed that the Korzen method for cohesionless material reaches a limitation to
evaluate Va using Equation 6.7. When stationary flow does not occur as defined by
Equation 6.6 there is no solution to Equation 6.7 due to the occurrence of negative roots,
preventing the shear force to be calculated using Equation 6.12. Highlighted in Table
6.4, stationary flow as proposed by Korzen does not take place when Vb ≥ 4 m s-1 and
Equation 6.13 has to be implemented to calculate Rs on the impact plate. However Rs,
obtained using Equation 6.13 from the Korzen model, are considerably greater than the
experimental and the DEM model forces. The ratio of the shear force to the normal
force (Rs/Rn) for the experimental and DEM results in Table 6.4 varies between 0.28
and 0.08 and 0.16 and 0.08 respectively. The force ratio gradually decreases as the
particle impact velocity increases and the impact angle decreases suggesting that the
Korzen model is not ideal for calculating the shear component of the impact force when
stationary flow does not occur due to the discontinuous nature of material flow on
impact plates.
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Table 6.4 Summary and comparison of the impact force results from the experimental
data, Korzen (cohesionless model) and DEM models - DEM models: spherical particles
d = 5.6 mm using H-M contact model
Vb

Exp force (N)

ms

(m s-1) (tph)

3

4

5

Korzen force (N)

DEM force (N)

Rn

Rs

R

Rn

Rs

R

Rn

Rs

R

26

17.19

4.73

17.83

21.46

5.07

22.05

22.25

3.43

22.52

41

32.19

6.57

32.86

33.67

7.95

34.6

33.87

5.33

34.29

28

27.61

3.9

27.88

30.76

8.3*

31.86

31.07

3.53

31.28

41

42.49

6.88

43.05

44.36 11.98* 45.95

46.64

5.57

46.98

28

39.85

4.48

40.1

39.69 10.72* 41.12

36.98

3.13

37.14

44

60.41

4.54

60.58

59.51 16.07* 61.64

60.62

5.02

60.84

* Calculated using Equation 6.13
Table 6.5 Difference between the impact plate reaction force results from Table 6.4
Difference between Difference between Difference between
Vb
ms
Korzen and Exp R DEM and Exp R DEM and Korzen R
(m s-1)
(tph)
(%)
(%)
(%)

3

4

5

26

23.7

26.3

2.1

41

5.3

4.4

-0.9

28

14.3

12.2

-1.8

41

6.7

9.1

2.2

28

2.5

-7.4

-9.7

44

1.7

0.4

-1.3

To evaluate other aspects of bulk material stream flow on a belt conveyor and
impingement with a vertical impact plate, hb, Bw, Vp and Va have been analysed and
summarised in Tables 6.6 and 6.7. The height of the material stream at the discharge
point on the head pulley is important to accurately calculate the upper discharge
trajectory limit and the centre of gravity of the load shape. The difference between hb
determined numerically and experimentally measured is generally less than 5 mm and
correlates well at lower mass flow rates compared to higher mass flow rates. Also the
difference between Bw measured in the physical experiments and DEM models is less
than 9 mm. In the DEM models, hb and Bw are influenced by µr and µs and incorrect
selection of appropriate values will affect the flowability and packing of the particles in
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bulk. However, as hb and Bw in the DEM models are close to the experimental data, the
method to select and calibrate µs and µr is suitable to model the flow of bulk material in
applications with rapid flow with no or partial confinement.
Table 6.6 Summary and comparison of the impact plate position, material discharge
thickness hb and material discharge width Bw from the experimental data and DEM
models - DEM models: spherical particles d = 5.6 mm using H-M contact model
Material discharge
Material discharge
Position of impact
Vb
ms
thickness
width
plate
(mm)
hb (mm)
(m s-1) (tph)
Bw (mm)

3

26

Y

Z

260

600

41
4

28

322

760

41
5

28
44

343

860

Exp

DEM

Exp

DEM

28

28

198

201

36

41

226

229

23

24

175

184

30

33

205

207

21

22

164

172

26

31

195

195

Table 6.7 lists the measured average values of Vp and Va, which have been evaluated
experimentally using a high-speed camera and particle tracking software (Image-Pro
Plus) and compares the equivalent values from the analytical and DEM models. Vp, Va,
Vd and particle trajectory were evaluated from the DEM models using narrow (50 mm)
bin, located along the central plane of the conveyor transfer assembly as depicted in
Figure 6.14. For each set of tests where Vb and the position of the impact plate varied,
the positions of the bins were adjusted accordingly and the average particle velocity was
evaluated over the steady-state period after t = 1.5 s. Va was calculated using both the
Korzen cohesionless and cohesive models and Arnolds and Hill simplified method
(Equation 6.8).

The average experimental Vp from each set of test results for different conveyor belt
velocities generally correlates well to the analytical predictions. However, the DEM
models tend to under predict Vp especially at higher mass flow rates. Vp in the DEM
models was measured just as the material stream collided with the stationary flow zone
or the transient material, which caused premature deceleration of the material stream
before the particles accurately collided with the impact plate. As Vp has been measured
180

Chapter 6 – Validation of a flat impact plate conveyor transfer using a calibrated DEM model

in the same spatial region for the low and high mass flow rate tests and Vp is always
lower in the greater throughput tests, it is evident that greater throughputs of bulk
material result in larger stationary flow zones, which decelerates the material stream
further away from the impact plate.

Va does not fluctuate excessively and remains reasonably constant between all the
experimental tests as αp decreases with increasing Vd, where greater particle
deceleration occurs. Va determined from the DEM models matches considerably well to
the experimental data suggesting that the viscous damping model in the H-M contact
model and the calibration method is sufficient in the numerical models. The Korzen
cohesionless model to estimate Va via an iteration procedure either underestimates or is
unable to determine the stream velocity (Vb ≥ 4 m s-1) after impact using Equation 6.7.
A drawback of the Korzen cohesionless model is its inability to accurately predict the
flow behaviour and trajectories of a bulk solid impinging a surface especially at low
impact angles. However, the Korzen cohesive model can estimate Va for the range of
conditions examined using a convergence approach and provides a very good
correlation to the experimental results as depicted in Table 6.7. There is a notable
difference between the predictions of Va using Korzen’s cohesionless and cohesive
models when Vb = 3 m s-1. The Arnold and Hill method, like the Korzen cohesionless
model, has limitations where a negative solutions occurs when Vb = 5 m s-1 as the
condition in Equation 6.9 is not satisfied. Although the Arnold and Hill simplification of
the Korzen cohesionless method provides a higher estimation of Va and a solutions
when Vb = 4 m s-1, both methods do not correlate well to the experimental and DEM
results, which further portrays the limitations of the analytical to accurately particle
velocities of complex particle flows.
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Figure 6.14 Location of bins to evaluate particle velocities and trajectory
Table 6.7 Summary and comparison of the impact velocity Vp and stream exit velocity
Va from the experimental data, analytical and DEM models - DEM models: spherical
particles d = 5.6 mm using H-M contact model
Impact velocity
Stream exit velocity
Vb

Vp (m s-1)

ms

Va (m s-1)
Korzen

-1

(m s ) (tph)

Exp Korzen DEM Exp DEM cohesionless
model

3

4

5

26

3.57

41

3.32

28

4.39

41

3.94

28

5.29

44

5.8

3.4

4.21

5.07

Korzen

Arnold

Cohesive

and

model

Hill

3.28

1.84

1.94

3.18

2.08

2

3.77

2.15

2.04

-

2.1

3.54

2.8

2.08

-

2.12

4.78

2.09

2.22

-

2.33

-

4.57

2.13

2.25

-

2.35

-

0.1

1.88

0.84

1.91
0.33

If the material stream was completely confined to restrict lateral spreading of material
upon impact, the analytical model could predict stream cross-sectional areas and centre
line velocities with greater confidence. However, in typical conditions the material
stream is unconfined and proliferates in numerous directions on the impact surface
making it difficult to calculate Va of the central out-flowing stream based on the mass
continuity equation. Figure 6.15 shows a 2-D comparison between the analytical
methods and the DEM models of the trajectory and flow patterns of the PP colliding
against the impact plate with a low and high stream velocity and a high mass flow rate.
Although Figure 6.15 is only a 2-D representation of the analytical method and a thin
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central slice of the particle flow in the DEM models (see Figure 6.14), the difference in
the size and characteristic of the stationary material above the inflowing stream is
distinct highlighting the visual benefit of DEM.

The location and distribution of the forces that are transferred from the stream flow onto
neighbouring boundaries are important in many industrial applications to enhance and
optimise complex processes. Table 6.8 shows a comparison between the locations of the
impact force on the vertical impact plate determined from the experimental, analytical
and numerical data. This investigation has only examined the discharge trajectories and
locations of the impact force with respect to two spatial dimensions, being Y and Z as
defined in Figure 6.4. Figure 6.15 shows that the material trajectory as it discharges off
the belt conveyor modelled using DEM matches well to the upper and lower trajectory
limits predicted from the Booth method.

The location of the impact force in the DEM models has been evaluated by summing
the moments of the product of Fn and the distance from a specified origin to the contact
point. Based on the simple design and setup of the supporting load cells on the impact
plate, the measured forces and the calculated location of the impact force was
considered to be satisfactory. The discharge of material from the feed bin onto the
delivery conveyor belt was not perfectly steady and the minor fluctuations in the mass
flow rate results in minor variation of the force distribution on the impact plate.
Considering the experimental conditions, the difference between the experimental and
the Booth/CEMA and DEM results varies from 2.5 mm to 28.9 mm as shown in Table
6.8. The location of the impact force determined using the centre of gravity of the load
shape in the Booth/CEMA hybrid method matches marginally closer to the DEM
models using spherical particles compared to the experimental results. The difference
between the Booth/CEMA predictions and the DEM models is considerably small,
where the DEM predictions are typically below the Booth/CEMA hybrid method. If the
centre of gravity of the load shape is assumed to be 0.5hb, the difference between the
analytical method and the DEM predictions would be slightly greater, suggesting that
the CEMA method is better for determining the centre of gravity of the load shape.
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Figure 6.15 Comparison of the discharge trajectory and location of the impact force
between Booth/CEMA and DEM models using spherical particles d = 5.6 mm and
H-M contact model – (a) Vb = 3 m s-1 ms = 41 tph, (b) Vb = 5 m s-1 ms = 44 tph
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Table 6.8 Summary and comparison of the position of the impact force location from
the experimental data, Booth/CEMA and DEM models - DEM models: spherical
particles d = 5.6 mm using H-M contact model
Location of impact force Difference between location of impact force
Vb

ms

Y (mm)

Y (mm)

(m s-1) (tph)
Exp Booth/CEMA DEM

3

4

5

Booth/CEMA -

DEM -

DEM -

Exp

Exp

Booth/CEMA

26

29.9

4.1

1

-25.8

-28.9

-3.1

41

23.8

7.9

5.9

-15.9

-17.9

-2

28

58.7

44.6

40.8

-14.1

-17.9

-3.8

41

63.5

47.7

42.4

-15.8

-21.1

-5.3

28

100.7

91.2

87.9

-9.5

-12.8

-3.3

44

90.8

93.3

88

2.5

-2.8

-5.3

Tables 6.4 through 6.8 do show some notable differences between the DEM and
experimental results for the location of the impact force and the magnitude of the impact
force, especially for Vb = 3 m s-1. A problem observed during physical testing on the
variable-geometry conveyor research facility was the difficulty to get repeatable mass
flow rates due to the flow control valve used. Whilst the flow of material during each
test was reasonably steady and constant, it was not possible to pursue a meaningful
statistical analysis to assess the accuracy of the experimental results due to this inherent
variation between tests.

6.6.2

Sensitivity Analysis

To investigate the sensitivity of mechanical and interaction parameters in DEM and the
selection of the constitutive contact model implemented, a series of DEM simulations
were conducted to examine the deviation of the impact force. Often for large scale DEM
simulations, parameters are scaled to reduce computational time. The effects of scaling
DEM parameters have not been extensively studied and evaluated. This study focuses
on the effects of scaling parameters primarily on the particle-to-boundary interactions.
Effects on the internal flow of particles as a bulk has not been examined. Table 6.9
details all the parameters and contact models that were explored to determine which
parameters are most sensitive and crucial for accurate modelling of granular flow.
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Two different conveyor belt velocities being Vb = 3 and 5 m s-1 at ms = 41 and 44 tph,
respectively were examined to evaluate the reaction force on the impact plate from low
and high collision velocities which would assess the suitability and sensitivity of contact
models and input parameters to model granular materials. The following outlines and
discusses the DEM parameters and contact models that were investigated:

6.6.2.1 Implementation of the linear spring-dashpot contact model

The original LSD is a popular and appropriate contact model to model the interaction
between granular materials. The normal contact stiffness during a collision has been
derived from a function of E*, m*, R* and Vrel,ij where Vrel,ij has been evaluated from
the approximate relative collision velocity between the particles and the impact plate
from the analytical method. The variation between the impact force using the LSD and
H-M contact model with similar input parameters where relevant was trivial, as shown
in Table 6.9. The LSD contact model was marginally less demanding computationally
compared to the H-M model and with an equivalent Kn, Fn was of lower magnitude in
the LSD model, which can therefore tolerate a greater ∆t and is a more efficient contact
model. While the behaviour of colliding bodies can differ greatly between the LSD and
H-M models (Stevens and Hrenya 2005), the forces exerted on boundaries are similar
for an assembly of particles on a macroscopic scale.
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Spherical d = 5.6 mm
Spherical d = 4.4 mm
Shaped d = 4.4 mm x 2
Shaped d = 5.6 mm x 2
Spherical d = 5.6 mm
Spherical d = 5.6 mm

Spherical d = 5.6 mm
Spherical d = 9 mm
Spherical d = 13.6 mm
Spherical d = 5.6 mm
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Spherical d = 5.6 mm

Spherical d = 5.6 mm

Spherical d = 5.6 mm

Spherical d = 5.6 mm

H-M
H-M
H-M
H-M
LSD
H-M
H-M
H-M
H-M
H-M

H-M

H-M

H-M

Particle shape
representation

LSD
H-M
H-M
H-M
H-M
H-M

ms Contact
(m s ) (tph) model

Vb

7.81

7.81

2.96

2.96
15.1
22.4
9.37
7.81
6.14
3.91
12.6
19.1
19.8

9.37
7.36
7.36
9.37
4.67
19.8

62.66 4.94 62.85

ep.w = 0.9

3.7

1.8

4.5

63.07 4.87 63.28
61.47 4.92 61.67

2.8
11.7
0.6
11.5
4.9
-2.6
0.2
-3.1
10.7
0.2

5.35
5.89
4.77
3.88
4.69
4.86
4.85
4.01
5.04
5.51

2.6
3.3
1.6
1.9
7.8
5.0

Difference
between DEM
and Exp R (%)

33.77
36.69
33.05
36.63
63.56
58.98
60.72
58.69
67.05
60.68

33.34
36.2
32.62
36.41
63.37
58.77
60.51
58.56
66.86
60.43

Rs
R
5.18 33.7
5.33 33.96
5.42 33.4
5.7 33.5
5.7 35.43
5.18 34.5

ep.w = 0.33

10Gp

10Gp
d increased
d increased
µr = 0.01
reduced ∆t
d increased
d increased
0.1Gp

Rn
33.29
33.54
32.95
d increased 33.01
reduced ∆t 34.96
34.11
0.1Gp

DEM reaction force
(N)
∆t (µs) Comments

2.0

0.0

2.7

-2.4
6.0
-4.5
5.9
3.1
-4.3
-1.5
-4.8
8.8
-1.6

-2.6
-1.8
-3.5
-3.2
2.4
-0.3

Difference
between DEM
and Korzen R
(%)

3.3

1.4

4.0

-1.5
7.0
-3.6
6.8
4.5
-3.1
-0.2
-3.5
10.2
-0.3

-1.7
-1.0
-2.6
-2.3
3.3
0.6

Difference
between DEM
and equivalent
DEM model in
Table 6.4 (%)

Table 6.9 Investigation of the influence of the contact model, particle shape representation, particle diameter d, time step ∆t,
coefficient of restitution e and the shear modulus Gp on the impact plate reaction force
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6.6.2.2 Particle shape representation

The non-spherical particle shown in Figure 5.2(c) has been adopted to model the PP
which is more realistic in particle shape and size. Using the H-M contact model, the
employment of shaped particles improves the difference between the DEM and
experimental and analytical results where Vb = 3m s-1 and ms = 44 tph. However, the
difference between the magnitude impact force using spherical or shaped particles is
trivial where the maximum deviation is approximately 3.1 percent compared to the
equivalent DEM results in Table 6.4 using spherical particles (d = 5.6 mm). A marginal
scale-up of the element sphere diameter from 4.4 to 5.6 mm in the shaped particle (with
an aspect ratio ≈ 1.4) the DEM model where Vb = 3m s-1 and ms = 41 tph presented no
significant difference to the impact force.

6.6.2.3 Increasing the diameter of the spherical particles

Scaling up particle size allows the number of particles in a simulation to be reduced and
the numerical time step to be increased. The particle diameter is proportional to the
critical time step which often dictates the total computational time along with the
number of particles. The effects of particle size scaled-up or modifications to the
particle size distribution have not been examined comprehensively in the literature. This
paper has mostly focused on the modelling of marginally scaled-up (≈23%) spherical
particles which have not displayed excessive differences compared to shaped particles
(Figure 5.2(c)) in relation to the impact force. The result of scaling up the diameter of
the spherical particles by a factor of approximately 2 and 3 has been explored in Table
6.9. The magnitude of the impact force determined in the DEM simulations using 9 mm
and 13.6 mm diameter particles is not drastically different from the results obtained
using 5.6 mm diameter particles listed in Table 6.4. However, the difference between
the larger scaled particles and the 5.6 mm diameter particles is not consistent between
the simulations where Vb = 3 and 5 m s-1. When the particle diameter is increased
without scaling other parameters, such as ms, Vb, or the scale of the geometry, the
number of particles in the model can decrease rapidly depending on the degree of scaleup. As the number of particles decrease, the number of potential contacts between the
particles and the impact plate decreases and varies between each time step. The weight
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force of each particle increases and the resultant force on the impact plate deviates
greatly as the particle diameter is increased as illustrated in Figures 6.16. Here the
deviation becomes noticeable when the particle diameter is increased to 13.6 mm where
the number of contacts on the impact plate per time step decreases dramatically.

Magnitude Impact Force (N)

160

d = 5.6 mm
d = 9 mm
d = 13.6 mm

140
120
100
80
60
40
20
0
1.5

1.55

1.6

1.65

1.7

1.75

1.8

Time (s)

Figure 6.16 Comparison of the DEM magnitude impact force with increasing particle
diameter between 1.5 to 1.8 s using spherical particles and H-M contact model - Vb =
5 m s-1 ms = 44 tph

Figure 6.17 shows the evaluated magnitude impact force distribution on the impact plate
over three time steps being 1.5, 1.52 and 1.54 seconds for various DEM models at Vb =
3 and 5 m s-1. Comparing the force distribution of spherical (d = 5.6 mm) and shaped
particles in Figure 6.17(a), (b), (e) and (f), the force distribution patterns are similar
displaying a curved shaped but due to the higher gravitational force of the scaled
spherical particles, the peak force on the impact force is greater using scaled spherical
particles. However, when the spherical particles are scaled-up by a factor of
approximately 2 and 3, there is a significant change in the force distribution as depicted
in Figures 6.17(c) and (d). Using smaller particles provides a smoother and even
distribution of the impact force compared to the force distribution when large particles
are used creating distinctive regions of high force distribution. Although the variation of
the average total impact force on the impact plate is similar using small or larger
spherical particles, the distribution of the force per unit of area is dependent on the
particle diameter which will influence the accuracy and reliability of a wear analysis, for
example where the distribution of the normal force is critical.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.17 Magnitude impact force contour plot - (a) Vb = 3 m s-1 ms = 41 tph, shaped
particles, (b) Vb = 3 m s-1 ms = 41 tph, spherical particles, d = 5.6 mm, (c) Vb = 3 m s-1
ms = 41 tph, spherical particles, d = 9 mm, (d) Vb = 3 m s-1 ms = 41 tph, spherical
particles, d = 13.6 mm, (e) Vb = 5 m s-1 ms = 44 tph, shaped particles, (f) Vb = 5 m s-1
ms = 44 tph, spherical particles, d = 5.6 mm
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6.6.2.4 Modifying the contact stiffness and the damping coefficient

The Young’s modulus of elasticity E and the shear modulus G are often used to
determine a suitable normal and tangential contact stiffness between bodies. Reducing
the contact stiffness enables the time step to be increased and still maintain a stable
numerical simulation. Table 6.9 shows the results from the simulations where the Gp has
been increased or decreased by a factor of 10 for Vb = 3 and 5 m s-1. The result of
modifying the contact stiffness is minor when compared to the equivalent result in
Table 6.4 where the maximum difference is 4 percent. Reducing the total computational
time by softening the particle contacts does not significantly alter the total force on the
impact plate. To examine the sensitivity of the damping force on the impact force, a low
and high ep.w of 0.33 and 0.9, respectively has been investigated for Vb = 5 m s-1 shown
in Table 6.9. The effect of lowering or increasing the ep.w on the impact force is minor
on the computed average impact force.

6.6.2.5 Reducing the time step

Selection of the numerical time step is critical for accurate and stable simulations. A
small time step ensures that the particle overlap and collision forces between time steps
will not be excessive and unrealistic. However, small time steps are not always
computationally feasible and larger time steps are utilised to obtain stable and realistic
simulations. The variation of the impact force using smaller time steps has been
explored as exemplified in Table 6.9. Reducing ∆t by a half, approximately reduced the
ratio of ∆t/tcontact between the particles and the impact plate to 1/20 based on the average
collision velocity. The difference in the results by halving the time step is minor
indicating that a ∆t based on 1/10 tcontact is adequate for accurate results without
excessive computational cost even for higher velocity collisions.

6.6.2.6 Reducing the rolling friction coefficient

A DEM simulation was conducted where Vb = 3 m s-1, ms = 41 tph, µr p.p = 0.01 and µr p.w
= 0.01 to examine the sensitivity of µr. As µr p.w between the PP and conveyor belt was
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reduced, Vd decreased from 2.99 m s-1 (µr p.w = 0.2) to 2.95 m s-1 (µr p.w = 0.01). Although
there was not a significant reduction of Vd as there was a sufficient steady-state
conveying distance between the injection plane and the head pulley, shown in Figure
6.18 to minimise slip, the minor reduction did lower the impact location on the impact
plate by approximately 7 mm compared to the corresponding DEM simulation in Table
6.8 where µr

p.w

= 0.2. However, magnitude impact force did increase by 6.8 percent

compared to the corresponding DEM simulation in Table 6.4. Thus µr p.w is an important
parameter to calibrate in DEM simulations of the discharge of bulk material over a belt
conveyor head pulley to ensure Vd is realistic.

6.6.2.7 Computational time

To examine the effects of modifying DEM parameters and the particle shape
representation technique used on the computational time, Table 6.10 lists the
computational time and the number of particles in the DEM model where Vb = 3 m s-1
ms = 41 tph. To standardise the data, the computational time is based on the time to
simulate 1.5 seconds of real time and all other parameters have remained constant
besides d, ∆t, Gp and the particle shape. To examine the computational time required for
large DEM models consisting of a large quantity of particles, the simulations listed in
Table 6.10 were conducted using the entire impact plate transfer station shown in Figure
6.18, where the contact detection grid size was set at 2Rmin and eight processors where
used to solve all the DEM models.

Simulation domain

Figure 6.18 Setup of the DEM models to examine the variation of DEM parameters
on the computational time - Vb = 3 m s-1 ms = 41 tph
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As highlighted in Table 6.10, increasing the particle diameter which reduces the
quantity of particles in the simulation and increases the required ∆t, drastically reduces
the computational time in a non-linear trend. Reducing Gp by a factor of 10 in the DEM
model using d = 5.6 mm spherical particles has almost halved the computational time.
Using shaped particles by clustering two spherical elements together has not
dramatically altered the computational time required compared to the simulations where
spherical particles of equivalent Rmin are used. In fact, as the shaped particle has a
greater volume and mass compared to the equivalent spherical particle, fewer particles
are required to obtain the required ms, which has reduced the computational time even
though more spherical elements are present in the DEM model. Thus, clustering spheres
together to form a non-spherical particle to model the PP has not been computationally
costly but only a two sphere cluster was examined. A simple non-spherical particle with
reasonably sized spherical elements was used but to realistically model the PP, many
more smaller spherical elements are required, which would need a smaller ∆t and would
be computationally costly in regards to contact detection as there would be a significant
increase in the quantity of spherical elements in the DEM model.

Table 6.10 Summary of the variation of particle shape and size and shear modulus Gp
on the computational time - Vb = 3 m s-1 ms = 41 tph
Computational
Particle
d
∆t
Number of
time
Comments
shape
(mm) (µs)
particles
(hrs)

Spherical

4.4

7.36

11.9

383 071

Spherical

5.6

9.37

4.37

185 802

Spherical

9

15.1

0.531

44 760

Spherical

13.6

22.4

0.097

12 797

Spherical

5.6

19.8

2.22

185 802

Shaped

4.4 x 2 7.36

11.1

242 615

Shaped

5.6 x 2 9.37

4.07

118 481

0.1Gp
Aspect ratio = 1.4,
485 230 spherical elements
Aspect ratio = 1.4,
236 962 spherical elements
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6.6.3

Qualitative comparison

Significant amounts of quantitative data can be obtained from DEM models to better
understand the complex processes of the flow of granular materials. The ability to
visualise the trajectories of particles and the flow behaviour of particles as a bulk is a
distinct advantage of the DEM compared to other analytical or numerical methods.
Qualitative analysis of granular flow allows for a comprehensive evaluation of
equipment and processes which handle granular materials.

Figure 6.19 shows the flow behaviour and trajectories of the particles impinging the
impact plate from the laboratory experiment and DEM simulation at a high impact
velocity where Vb = 5 m s-1 and ms = 44 tph. The correlation between the experimental
and DEM flow patterns are generally good where the presence of the build-up zone
above the inflowing stream can be distinguished in Figure 6.19. The presence of a
secondary material stream is also evident in both the experimental test and DEM
simulation as the particles flow laterally after impact.

(a)

(b)

Figure 6.19 Comparison of the bulk flow behaviour of the impingement polyethylene
pellets onto impact plate between (a) experiment and (b) DEM model - Vb= 5 m s-1,
ms = 44 tph

Figure 6.20 shows a 2-D central slice of the flow behaviour and trajectories of the
particles impinging the impact plate from the DEM simulations based on a moderate
and high impact velocity where Vb = 3 and 5 m s-1 at ms = 41 and 44 tph respectively.
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Figure 6.21 shows an experimental photo of the side of the impact zone from a highspeed camera for the corresponding latter Vb and ms. The correlation between the DEM
(Figure 6.20) and experimental (Figure 6.21) flow patterns are generally good. The
presence of the build-up zone or the stationary flow zone can be distinguished.
However, it is difficult to determine if the hollow zone in the upper flow stream shown
in Figure 6.20(b) is present in reality. Shown in Figure 6.20(a) for Vb = 3 m s-1 and ms =
41 tph, the majority of the inflowing stream flows around the small flow-round zone
predicted by the Korzen cohesionless model (Equation 6.6) with a proportion of
material flowing above the inflowing stream and laterally out of the quasi-stationary
zone. When Vp is high and αp is low, the behaviour of the particles colliding with the
impact plate is dissimilar where there is a smaller flow-round zone even though
Korzen’s cohesionless model predicts no stationary flow as the condition in Equation
6.6 is not satisfied for Vb = 5 m s-1. As depicted in Figure 6.20(b), a small stationary
zone is present at the centroid of the impact zone, which is dividing the inflowing
stream upwards and downwards creating a large build-up region above the inflowing
stream as illustrated in Figure 6.21(b).

Figure 6.20 Slice view from DEM models (spherical, d = 5.6 mm) showing the
velocity vectors and flow patterns of particles colliding with the impact plate (a) Vb = 3 m s-1 ms = 41 tph, (b) Vb = 5 m s-1 ms = 44 tph
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(a)

(b)

Figure 6.21 Side view from the experimental tests of the polyethylene pellets
colliding with the impact plate – (a) Vb=3m s-1 ms=41tph, (b) Vb=5m s-1 ms=44tph

When the inflowing stream collides with the impact plate, the material stream
proliferates as shown in Figure 6.22 where a primary and secondary material stream is
generated. The presence of the secondary material stream causes the material to
significantly spread laterally requiring boundaries to confine the material as shown by
the side acrylic panels in the transfer station in Figures 6.19 and 6.22. The presence of
the side panels on the experimental test rig does not allow for a complete qualitative
analysis of the secondary material stream but the existence of the secondary stream is
clearly evident in Figures 6.19 and 6.22.

Figure 6.22 Front view from the experimental test Vb = 3 m s-1 ms = 41 tph showing
the flow behaviour of polyethylene pellets colliding with the impact plate
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To investigate the influence of the particle shape representation in the DEM simulations
to model flow behaviour at the impact plate, a comparative analysis was concluded
using spherical particles with d = 5.6 mm and shaped particles shown in Figure 5.2(c)
for the conditions where Vb = 3 m s-1 and ms = 41 tph. By simply modelling the mild
steel impact plate without the acrylic side panels the results of the analysis are shown in
Figure 6.23. The DEM simulations clearly show the generation of two material streams
once the particles impinge the impact plate and the difference between the particle
trajectories using spherical and shaped particles is minor. Therefore, the simple
spherical particles provide reliable results without excessive computational cost and
there is no significant benefit of modelling the particles as non-spherical in this
application. Comparing Figures 6.22 and 6.23, the general overall behaviour is similar
but it is observed that in the experimental photos a larger proportion of the material
flows through the secondary streams than what is observed from the DEM simulations,
that shows a great proportion of material flowing through the primary stream.

Figure 6.23 Front view showing the flow behaviour on the impact plate from the
DEM simulations Vb = 3 m s-1 ms = 41 tph using spherical (d = 5.6mm) and shaped
(Figure 5.2(c)) particles

The underside of the material stream shown in Figure 6.22 has a convex shape, which is
developed from the flattening behaviour of material stream as it passes through the
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transition section of the Aerobelt conveyor and discharges from the head pulley. The
transition geometry in the DEM simulations has been modelled as realistically as
possible but some geometric features, such as the curvature of the belt from the
supporting pulleys under the conveyor belt (see Figure 6.11(a)), have been ignored and
may be creating the convex surface shape. Figure 6.24 shows various cross-sectional
views of the material stream at various locations from the discharge point on the
conveyor belt prior to impact on the impact plate from the DEM simulation where Vb =
3 m s-1 and ms = 41tph. As the particles discharge from the head pulley the underside of
the material stream transforms from a flat to a convex shape, which is similar to the
behaviour observed experimentally and is also shown in the force distribution plots in
Figure 6.17. However, the radius of curvature observed in the experiments when Vb ≥ 3
m s-1 is greater than the observed behaviour in the equivalent DEM simulation which
may result in a greater proportion of particles flowing through the primary material
stream after impingement as shown in Figure 6.22.

Figure 6.24 Cross-sectional views of the material stream of the DEM simulations
Vb = 3 m s-1 ms = 41 tph using spherical (d=5.6mm) at - (a) discharge point, (b) mid
way between the discharge point and impact plate and (c) impact plate
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6. 7 Discussion

This chapter has explored analytical and DEM modelling techniques to understand the
complex processes of the impact of PP onto a vertical flat plate. Methods to calibrate the
DEM model from Chapter 5 to visualise and predict the trajectory of the bulk material
through a transfer station and the forces of the material flow exerted onto structures
have been validated against experimental and analytical data. The techniques used to
measure/estimate or calibrate the DEM input parameters, such as µs, µr and e revealed to
be satisfactory to develop a fit-for-purpose material model to achieve realistic
quantitative and qualitative results. Other notable observations from this detailed study
are summarised as follows:
•

The Korzen model is a simple 2-D method to evaluate the dynamic process of
granular flow onto flat impact plates. The cohesionless Korzen model can
provide reasonable predictions of the impact forces and the velocity of the
material stream during various stages of flow on an impact plate based on the
initial conditions of the inflowing stream. Several limitations in the model were
identified including the inability to accurately predict Va and calculate the shear
force on the impact plate. The capability to visualise the material behaviour and
the lateral spreading of material on the impact plate is extremely limited.

•

The cohesive Korzen model displayed no limitations to predict Va and provided
reliable predictions of Va that were similar to the experimentally measured
particle velocities and DEM predictions.

•

The Booth/CEMA hybrid method for predicting the upper and lower discharge
trajectories and the centre of gravity of the load shape correlated well to the
DEM model predictions, therefore validating the ability of DEM models to
accurately predict belt conveyor discharge trajectories under high speed
conditions. However, the discharge distance was only short (< 900 mm) as the
impact plate was placed close to the conveyor head pulley and a 2-D comparison
was only conducted.

•

Qualitative and quantitative verification of the DEM models was successfully
conducted to validate the numerical method and examine the sensitivity of
parameters and contact models. Generally the difference between quantifiable
parameters in the DEM and analytical models and experimental results was
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satisfactory. A sensitivity analysis of the DEM parameters found that parameters
such as ∆t, particle shape, Gp and ep.w did not significantly change the average
impact force for Vb ≥ 3 m s-1. This study has shown that care is needed when
scaling up the size of particles as the resolution of the force distribution and
consistency of the total force begins to diminish as the particle size increases.
The qualitative behaviour of the material flow in the DEM simulation was
observed to display close similarities to the experimental observations.
•

Marginally scaling up the particle size of the spherical particles and ρs p in the
DEM simulations to reduce the computation time and provide a better
correlation to ρbl proved to still give accurate and reliable results compared to
smaller non-spherical particles.

•

A macroscopic comparison shows that no significant improvements can be
attained using the H-M model from the LSD model to characterise the behaviour
of particles under rapid flow through the impact plate transfer station.

•

DEM is a superior technique to examine individual particle collisions with
boundaries and evaluate the force distribution of particles-to-boundary
interactions which is not possible with conventional analytical techniques to the
same extent. DEM also provides advanced capabilities to model and visualise
complex 3-D particle flow where analytical trajectory and bulk material flow
models are generally limited to 2-D analysis.

Chapter 7 examines the development of a DEM material model for bauxite using the HM, linear cohesion and JKR contact models where the accuracy of the developed
material models are evaluated to predict particle-to-boundary interactions via large scale
numerical wall friction simulations in Chapter 10. Also a large scale industrial case
study of a conveyor transfer has been conducted in Chapter 11 to evaluate accuracy and
suitability of the calibration tests and methodologies developed to model the flow
mechanisms in a conveyor transfer.
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Chapter 7 - Development of a DEM material model for bauxite

7. 1 Introduction
This chapter examines the development of a DEM material model for dry and moist
bauxite to examine the flow of bauxite in an industrial large scale conveyor transfer
investigated in Chapter 11. The bauxite tested in this chapter includes trihydrate grade
bauxite (TGB) and monohydrate grade bauxite (MGB), which have been characterised
to assess the handability of the bauxite and determine the moisture content expected to
produce the most difficult handling conditions. The calibration methodology discussed
in Chapter 3 has been utilised to determine a suitable set of DEM parameters for the HM with linear cohesion model and JKR model to model the particle dynamics of moist
bauxite particles. The swing-arm slump tester and flat bottom hopper have been used to
calibrate the particle-to-particle interactions within two different flow regimes to
compare the difference between the DEM parameters and generate two different
material models; one for rapid flow applications such as inclined chute flow and the
other for application of greater particle interactions and shear such as the flow of
particles through a rock box. The calibration of the interactions between the bauxite and
boundary material have also been examined.

7. 2 Bulk material characterisation
Bauxite is a unique material as it consists of hard spheroids (pisolites) of approximately
2 to 20 mm diameter shown in Figure 7.1 of the received TGB and MGB samples.
Initial inspection of the bauxite samples showed that both products were sticky
especially the MGB due to the presence of fine mud particles that adhere strongly to the
larger particles. The TGB consists of a greater fraction of fine red material, which
retains a greater proportion of moisture and governs the strength of the material. When
201

Chapter 7 – Development of a DEM material model for bauxite

the bauxite is dry or has a low moisture content, the bulk material is free flowing,
displaying no cohesive strength or ability to form a cohesive arch.

Flow property test work of the bauxite was conducted to examine the flowability of the
products and determine the “maximum strength” moisture content using the JST. Due to
the unique nature of both products that contain a significant quantity of near spherical
particles, shear tests were undertaken using the bulk or “as received” samples. Larger
particles were removed from the shear cell by hand during testing. Test work over a
range of moisture contents to determine the maximum strength moisture content using
the test procedure discussed in Section 3.4.8 suggested that the maximum strength of
the TGB is approximately between 15.5 and 17.5 percent moisture content as far as
cohesion is concerned. The suggested maximum strength of the MGB is approximately
between 11 and 12.5 percent moisture content. Although more scatter in the results was
present (i.e. shearing particles with a diameter greater than 4 mm), internal shear tests
were conducted on the bauxite close to maximum strength conditions where reasonable
families of instantaneous yield loci were obtained, shown in Figures A.7 through A.10
for the TGB and MGB. Based on the flow functions of the bauxite, the flowability
factor ffc expressed by Equation 4.1 of the TGB and MGB were evaluated at σ1 = 10
kPa as 2.7 and 4.76, respectively. According to Jenike’s classification (Schulze 2007,
pp. 41-42), the TGB is regarded as cohesive and the MGB is considered to be easy
flowing.

(a)

(b)

Figure 7.1 Bauxite as received – (a) TGB and (b) MGB
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Table 7.1 lists various properties of TGB and MGB which were measured. An attempt
to measure the Young’s modulus of elasticity of the bauxite was conducted on the
UMIS. As discussed in Section 3.4.11, accurately measuring the mechanical properties
of granular material is extremely difficult due to the inability to prepare the smooth and
perfectly flat indentation surface required for reliable nanoindentation. Two samples of
the TGB and MGB were tested on the UMIS shown in Figure 3.9. Table 7.1 shows the
notable amount of scatter in the evaluated Ep between each indentation test. The test
was repeated at least ten times on each particle over different locations on the test
surface. The bauxite is an inhomogeneous material which contains pores that result in a
rough and irregular test surface when the particles were prepared using the technique
shown in Figure 3.9(a) by grinding two parallel surfaces. When the curved surface was
removed to create a flat surface, different coloured rings were present indicating the
mechanical properties of the bauxite most likely vary from the outer surface (which is of
most interest for DEM modelling) to the inner core. There was a lack of data available
in the literature of the mechanical properties of bauxite so the results from the UMIS
were believed to be acceptable as an estimate of the stiffness of the particles. However
the stiffness of the particles were scaled in the DEM simulations to obtain feasible
computational periods when modelling the bauxite on a large scale.

The solid density of the TGB and MGB measured on the gas pycnometer did not differ
much between the products but there was a large difference between the solid densities
measured using the gas pycnometer and water displacement technique. Although the
pycnometer does provide accurate results for solid objects and was correctly calibrated,
measuring the solid density of porous granular materials can result in variations
compared to other techniques as gas can be entrapped in the pores producing unrealistic
pressure differentials. The variation of ρs p is examined in Section 7.8 to determine the
more suitable ρs p to obtain realistic loose-poured bulk densities.
The moisture content of the TGB and MGB where maximum saturation is reached was
tested as listed in Table 7.1. The saturation limit of the bauxite was examined using two
different particle size distributions, being the as received bulk sample and the minus 4
mm size fractions. Greater moisture was retained in the TGB due to the greater size
fraction of fine particles.
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The static friction between the bauxite particles was estimated for the TGB and MGB
using the inclination tester where the average measured µ s

p.p

was 0.79 and 0.77,

respectively which is very similar and much greater than µ s p.p previously measured for
the PP and coal. The coefficient of restitution between the bauxite particles was also
measured as depicted in Table 7.1, where ep.p was 0.38 and 0.42 for the TGB and MGB
respectively, which is lower than the PP and coal.

Property
Ep

Table 7.1 Summary of bauxite flow properties
Value
Unit
Comment
2.4 - 290
1 - 55.5

GPa

2745 - 2811
ρs p

ρbl

2706 - 2750
2216 - 2418

TGB, UMIS
MGB, UMIS
TGB, gas pycnometer

kg m-3

MGB, gas pycnometer
TGB, water displacement

2288 - 2363

MGB, water displacement

1273 - 1305

TGB, dry

1145 - 1175

kg m-3

TGB, 16% wb moisture content

1270 - 1340

MGB, dry

1277 - 1305

MGB, 11% wb moisture content

18.15

TGB, bulk sample

Saturation moisture

23.95

content

15.48

MGB, bulk sample

21.84

MGB, d < 4 mm

µ s p.p

µ s p.w

ep.p
ep.w

0.79

%wb

-

0.77
0.39

-

TGB-to-Acrylic, JST
MGB-to-Acrylic, JST

-

0.42
0.57

TGB-to-TGB, inclination tester
MGB-to-MGB, inclination tester

0.48
0.38

TGB, d < 4 mm

TGB-to-TGB, see Table A.3
MGB-to-MGB, see Table A.4

-

TGB-to-Acrylic, see Table A.3
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7. 3 Initial DEM parameters and work scope
To examine the flow of moist bauxite, physical calibration tests were conducted on the
TGB and MGB using the bulk particle size distribution at moisture contents of 16 and
11 percent wet basis respectively. The moisture contents selected were approximately
71 and 88 percent of the saturation moisture conditions. To develop a DEM material
model for the moist bauxite using the H-M with linear cohesion and JKR contact
models, physical tests were conducted on dried samples of the bauxite to determine
adequate parameters for the H-M model, ignoring the influence of cohesion or adhesion.
To reduce the number of simulations required, the only particle-to-particle parameters
altered via a trial-and-error approach to match the DEM predictions against physical
results were µ r p.p, Ce p.p or γp.p.
Table 7.2 lists the parameters used in the DEM models employing the H-M contact
model. To simplify the material model for the TGB and MGB and minimise mistakes,
common values were used for specific mechanical and interaction parameters as the
variation between the parameter for the TGB and MGB were minor. Common values
were selected for ρs p, Ep, νp, µ s p.p and ep.p for the bauxite particles listed in Table 7.2,
which were derived from properties measured in Table 7.1 or available literature.
Table 7.2 Summary of DEM parameters
Unit
Comment

Parameter

Value

ρs p

2300

kg m-3

Bauxite, see Section 7.8, unless noted otherwise

ρs w

1200

kg m-3

Acrylic, measured

Ep

171.6

MPa

Bauxite, scaled from Table 7.1

Ew

2.7

GPa

Acrylic, approximated from (Arkema 2010)

νp

0.3

-

Bauxite, approximated from (Gercek 2007)

νw

0.35

-

Acrylic (Arkema 2010)

µ s p.p

0.78

-

Bauxite-to-Bauxite

µ s p.w

0.43

-

0.48

TGB-to-Acrylic
MGB-to-Acrylic

ep.p

0.4

-

Bauxite-to-Bauxite

ep.w

0.57

-

Bauxite-to-Acrylic

µ r p.w

0.05

-

Bauxite-to-Acrylic, assumed
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The average Ep determined from the UMIS for the TGB and MGB has been scaled
down by a factor of 100 to reduce the computational time required by approximately a
factor of 10 where Ep = 171.6 MPa has been implemented. As shown in Section
6.6.2.4, reducing Ep does not significantly affect the bulk flow behaviour in DEM
simulations of cohesionless materials. However, as Ce and γ in the linear cohesion and
JKR model respectively are dependent on δn, Ce and γ need to be calibrated
appropriately using a softer contact stiffness.

The numerical time step was calculated based on 0.3tr for the majority of the calibration
simulations but a smaller ∆t = 0.2tr was selected for the DEM models using the JKR
model.

7. 4 Particle size distribution and particle shape representation
Spherical and non-spherical particle shape representations were explored in the
calibration of the bauxite. Spherical particles were initially used during the preliminary
calibration simulations as the majority of bauxite particles are spherical as illustrated in
Figure 7.2. The particles greater than approximately 9 mm tend to be more irregular in
shape where there are minimal spherical particles greater than 9 mm. Thus as the
bauxite particles are not perfectly spherical, a non-spherical particle has also been
implemented by clustering spherical particles as shown in Figure 7.5. Figures 7.3 and
7.4 show the measured particle size distribution of the TGB and MGB respectively,
indicating that the TGB has a wider particle size distribution and a greater proportion of
fine particles compared to the MGB.

To model the bauxite with a normal distribution close to the experimental size
distribution would be possible on a small scale to model the flow behaviour in the
bench-scale experiments; however, to model the bauxite on a large scale industrial
application is not practical due to the vast number of particles required and the small ∆t.
Scaling and truncating the particle size distribution was required to complete large scale
simulations during the period of this research with the limited computational resources
available. To examine the amount of scaling and truncation required, an analysis was
conducted to roughly determine the number of particles required to obtain 6500 kg of
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bauxite, which is the estimated mass of product required for a large scale simulation of a
conveyor transfer investigate later in Chapter 11.

(a)

(b)
Figure 7.2 Sample of bauxite particle shape – (a) TGB 2.36 < d < 13.2 mm, (b) MGB
3.35 < d < 13.2 mm
Table 7.3 summarises the results from the analysis where the davg and dmax for the DEM
particle size distribution have been roughly scaled from the experimental size
distribution of TGB using spherical particles. However, to optimise ∆t, which is
calculated based on the smallest particle in the simulation domain, dmin has been limited
to a suitable size as listed in Table 7.3 for the calculation of the number of particles
required. A normal particle size distribution was also used for the calculations and the
evaluated standard deviation was listed. Table 7.3 shows that over 16 million particles
are required if a particle size distribution similar to the experimental distribution is used,
which is simply not feasible with current computational resources. If the average
particle size distribution is scaled up by approximately four, the number of particles
required reduces to a practicable quantity of approximately 250 000, which allows large
simulations to be completed within days, not months. Thus, the particle size distribution
of the spherical and shaped particles used in this investigation have been scaled up by a
factor of approximately four and the lower particle size distribution has been truncated
as shown in Figures 7.3 and 7.4. As shown in Figure 7.3, a marginally smaller particle
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size distribution was used to model the TGB using spherical particles as the TGB has
the least favourable flowability due the higher percentage of fines. Although the fine
particles have not been physically modelled, which generally dictate the strength of a
bulk material and lead to numerous flow problems in industrial applications, the particle
size distribution selected has been calibrated to model the bulk flow characteristics of
the bauxite including the influence of the fine particles.

100
Exp
DEM Spherical

Percent Undersize

80

DEM Shaped

60
40
20
0
0.1

1

10

100

Minor Particle Diameter (mm)

Figure 7.3 Experimental particle size distribution of TGB and scaled spherical and
shaped particle size distribution in DEM models
100
Exp

Percent Undersize

80

DEM Spherical & Shaped
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40
20
0
0.1

1

10

100

Minor Particle Diameter (mm)

Figure 7.4 Experimental particle size distribution of MGB and scaled spherical and
shaped particle size distribution in DEM models
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Table 7.3 Estimated number of particles required for large scale simulation of TGB
using spherical particles – ρs = 2300 kg m-3, normal size distribution
Standard
Mass
Number of
Scale
dmin
davg
dmax
factor

(mm)

(mm)

(mm)

deviation

1

2.8

6.08

15.81

2.17

2

5.6

12.3

31.8

4.38

3

8.42

18.35

47.41

6.44

4

11.21

24.34

54.7

8.88

(kg)

particles
16 917 550

6500

2 055 625
624 975
262 600

The shaped particles have been created by clustering four spheres together as illustrated
in Figure 7.5(a) and (c), that consists of a sphere with three smaller semi-spheres
attached around the sphere to create a slightly irregular shaped particle. Figure 7.5
shows the dimensions of the mean TGB and MGB particles, which were scaled in the
EDEM particle factories. For the TGB, two particle size distributions were used for the
spherical and shaped particles where the mean particle diameter of the spherical
particles was less than the minor diameter of the shaped particles. However, as shown in
Figures 7.4 and 7.5(c) and (d), a very similar particle size distribution was implemented
for the MGB.

(a)

(b)

(c)

(d)

Figure 7.5 Mean particle shape representation for DEM modelling – (a) scaled shaped
TGB particle, (b) scaled spherical TGB particle, (c) scaled shaped MGB particle and
(d) scaled spherical MGB particle
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7. 5 Swing-arm slump test and flat bottom hopper discharge physical test setup
and test scope
Swing-arm slump and flat bottom hopper discharge tests were conducted as shown in
Figure 7.6 to develop a series of physical results to verify the DEM results against. The
TGB and MGB were tested under dry and moist conditions where a 100 I.D. split tube
was used on the swing-arm slump tester and 5.5 kg of bauxite was used in the flat
bottom hopper. As a greater mass of bauxite was used in both experiments, a 232 I.D.
base ring full of bauxite was placed below the split tube and the hopper. Tables 7.4 and
7.5 summarise the results from the slump and hopper tests for the dry and moist TGB
and MGB. When the bauxite was tested at maximum strength conditions, there was a
clear reduction of the flowability of the bauxite indicated by the increase of θR, θR,d and
hp .

(a)
(b)
Figure 7.6 Experimental set of (a) 100 I.D. swing-arm slump test and (b) flat bottom
hopper discharge experiment of (a) TGB at 16% moisture content and (b) dry TGB

Table 7.4 Summary of experiment parameters and results from 100 I.D. swing-arm
slump test of bauxite – Dbase = 232 mm
Bauxite

TGB

MGB

Material

Material

Moisture

mass

fill height

content

(kg)

(mm)

(%wb)

2

195 - 200

1.8
2

θR

hp

(deg)

(mm)

≈0

24 - 25

52 - 55

195 - 200

16

30 - 34

69 - 75

190 - 195

≈0

23 - 25

49 - 50

195

11

39 - 42

67 - 71
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Table 7.5 Summary of experiment parameters and results from flat bottom hopper
discharge test of bauxite – hd = 200 mm, Dbase = 232 mm
Bauxite

B
(mm)

Hopper

Material Material fill Moisture

hp

θR,d

(deg)

(mm)

(deg)

≈0

33 - 34

68 -70

40 - 43

140

16

38 - 44

96 - 108

59 - 63

130

≈0

33 - 36

70 - 72

36 - 43

135

11

42 - 47 101 -109 65 - 70

mass

height

content

(mm)

(kg)

(mm)

(%wb)

130

TGB
80

θR

width

110

5.5

MGB

7. 6 Scale-up of DEM models
The aim of the slump and hopper discharge tests is to primarily examine the drained and
poured angles of repose under different formation processes. The hopper discharge test
also has the capability to examine the flow patterns during discharge such as the
presence of stable or unstable cohesive arches. As the particle size distribution of the
bauxite has been increased by a factor of four, the spatial scale of the DEM calibration
tests required to be scaled accordingly to obtain realistic bulk flow of the particle
assembly and retain a similar ratio of the particle diameter to a key geometry dimension,
such as the hopper opening or split tube I.D. on the slump tester. If the geometry of the
slump tester or flat bottom hopper were not scaled, the number of particles required in
the DEM models would be low and the flow behaviours would not be realistic. Ideally it
would have been appropriate to manufacture a larger slump tester and flat bottom
hopper to handle over a 100 kg of product but several weeks were required to
manufacture the equipment, which would have delayed testing and progress of this
thesis. Instead as the angles of repose can be scaled easily, it was deemed appropriate to
conduct scale modelling on both tests. The geometry of the slump tester and flat bottom
hopper were scaled up by a factor of four and DEM simulations conducted in the same
manner as the coal and PP in Chapters 4 and 5.

EDEM version 2.3 was used for the work conducted in this chapter, which allowed the
total mass of particles required in the DEM model to be defined in the particle factory
instead of the total number of particles required in earlier versions. As the geometry of
the split tube and hopper were significantly increased in volume, the mass of particles
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required to fill the split tube and hopper was also increased by approximately 64 times
the experimental mass.

7. 7 Verification of the contact models
During the latter stages of this research, the JKR contact model was implemented to
model the moist and sticky bauxite. The custom code was programmed by DEM
Solutions, which was directly plugged into EDEM. The code was developed based on
the H-M model where modifications were only made to the normal repulsive force
calculations to account for the adhesion in the flat contact region according to the JKR
theory discussed in Section 2.10.6.3. The viscous damping and tangential force
calculations were not modified and the calculations were conducted similar to the H-M
model discussed in Section 2.10.6.2. However, the tangential force limit, which
determines if gross slip occurs, was still calculated based on the Hertz component of the
normal contact force Fn and not the total normal force, Fn + FnJKR.
To verify that the JKR model was correctly executed in EDEM, a simple collision test
was conducted where a spherical particle was collided against a flat wall with an impact
velocity of 1 m s-1 at 45 degrees as depicted in Table 7.6. The contact models that the
JKR model was examined against included the LSD, H-M and the H-M with linear
cohesion models, where the DEM parameters of the test are listed in Table 7.6.

Figure 7.7 shows the relationship of the normal overlap and normal force and velocity.
Figure 7.7(a) clearly shows that the normal force calculations of the JKR model are
being correctly computed in EDEM where γp.w = 50 J m-2 as the adhesive force is
present at low normal overlaps. However, as the JKR model has been simplified, the
adhesive force has only been computed when δn > 0 or when a particle is in contact with
another body. A large γp.w has been used to clearly show the adhesive force compared to
the other contact models where the pull-off force shown on Figure 7.7(a) is close to the
force derived from Equation 2.55 of approximately 4.71 N. Figure 7.7(a) shows that the
contact models are elastic where the loading and unloading curves are identical. The
highest normal force is applied by the H-M and JKR contact models and the greatest
normal overlap occurs using the H-M with linear cohesion contact model.
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Table 7.6 Summary of parameters for contact model verification and schematic of
collision test
Parameter
Value
Unit
Collision schematic
d

20

mm

ρs p

2800

kg m-3

Ep, Ew

66

MPa

νp , νw

0.3

-

ep.w

0.5

-

µs p.w

0.5

-

µr p.w

0.01

-

Ce p.w

1 x 106

J m-3

γp.w

50

J m-2

Impact velocity

1

m s-1

Impact angle

45

deg

∆t

2.21

µs

Figure 7.7(b) compares the relationship between the normal overlap and normal velocity
which shows that the ep.w for the H-M and LSD are identical where the simulated ep.w =
0.496. The computed ep.w for the H-M with linear cohesion and the JKR contact models
is 0.36 and 0.39 respectively, which are lower than the H-M or LSD models due to the
calculation of the normal force. The damping calculations in the H-M with linear
cohesion and the JKR contact models do not consider the calculation of Fncoh and FnJKR
respectively, which reduces the repulsive force compared to the H-M model as
illustrated in Figure 7.7(b). However, the reduced rebound velocity is appropriate to
model moist and sticky bulk materials.
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H-M

LSD

H-M Linear Cohesion

30

0.6

25

0.4

20

-1

Normal Velocity (m s )

Normal Force (N)

JKR

15
10
5
0

0.2
0
-0.2
-0.4
-0.6

-5
-10

-0.8
0

0.05

0.1

0.15

0.2

0

0.05

0.1

0.15

Normal Overlap (mm)

Normal Overlap (mm)

(a)

(b)

0.2

Figure 7.7 Relationship between (a) normal overlap and normal force and (b) normal
overlap and normal velocity
Figure 7.8 shows the relationship between the contact time and tangential force and
velocity where there is a similar trend displayed between the Hertzian based contact
models. Figure 7.8(b) shows the tangential velocity of the particle immediately after
contact are relatively similar with the Hertzian based contact models as the tangential
force and damping models are identical. During contact, the spherical particle has the
freedom to rotate, which does not create a pure sliding contact and elastic loading and
unloading curve as shown in Figure 7.7(a) for the normal force model. As a result, the
tangential force does cycle through a period of positive and negative force as the
tangential overlap increases and decreases from zero periodically as shown in Figure
7.9(a). Figure 7.9(b) shows the angular velocity of the particle during contact, which
illustrates the high magnitude of the particle rotation during and after impact at an
impact angle of 45 degrees. Similar to the tangential velocity, using the Hertzian based
contact models results in the angular velocity of the particle being comparable after
contact. The highest angular velocity is computed using the LSD model but the LSD
model resulted in the lowest tangential velocity after impact as depicted by Figure
7.8(b). µr p.w was set at a low value of 0.01, which did not provide a high amount of
rolling torque to oppose the rotation of the particle. This investigation has emphasised
the importance to sufficiently model the rotational motion of a particle to minimise or
eliminate any stability issues as examined by Ai (2010).
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From this simple test, the JKR model was verified to ensure the adhesion component of
the extended H-M model was correctly being executed during contact. Besides the
difference in the normal force-displacement loading and unloading curve of the JKR
model, the damping and tangential force characteristics were very similar to the H-M
and H-M with linear cohesion contact models.

H-M

LSD

H-M Linear Cohesion

JKR

0.8

20

0.7
-1

Tangential Velocity (m s )

Tangential Force (N)

15

10

5

0

0.6
0.5
0.4
0.3
0.2
0.1

-5

0
0

0.2

0.4
0.6
0.8
Contact Time (ms)

1

1.2

0

0.2

0.4
0.6
0.8
Contact Time (ms)

(a)

1

1.2

(b)

Figure 7.8 Relationship between (a) contact time and tangential force and (b) contact
time and tangential velocity
H-M

LSD

H-M Linear Cohesion

-1

Angular Velocity (deg s )

Tangential Overlap (mm)

JKR

5000

0.08

0.06

0.04

0.02

0

4000

3000

2000

1000

0
0

0.2

0.4
0.6
0.8
Contact Time (ms)

(a)

1

1.2

0

0.2

0.4
0.6
0.8
Contact Time (ms)

1

1.2

(b)

Figure 7.9 Relationship between (a) contact time and tangential overlap and (b) contact
time and angular velocity
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7. 8 Calibration of the bauxite using the swing-arm slump test
Numerous DEM simulations of the TGB and MGB were conducted using the H-M
contact model to determine a suitable µ r

p.p

using spherical and shaped particles to

represent the bauxite particles. Tables 7.7 and 7.8 show a summary of the results of the
modelled conical pile formed from the 400 I.D. slump tests of the TGB and MGB
respectively. The height of the pile hp in the DEM models has been compared to the
scaled experimental hp. Table 7.7 indicates that a marginally greater µ r

p.p

= 0.15 is

required to obtain a close correlation between the experimental and DEM results using
spherical particles to represent the TGB compared to the shaped particles where µ r p.p =
0.1 is sufficient. However, Table 7.8 shows that µ r p.p = 0.1 is sufficient to model the dry
MGB using both spherical and shaped particles under rapid flow conditions. Both
Tables 7.7 and 7.8 indicate that θR and hp are dependent on µ r p.p where greater θR and hp
are obtained using greater µ r p.p.
To investigate the relationship between µ r p.p, ρs p and ρbl, Figures 7.10 and 7.11 show the
variation of ρbl using spherical and shaped particles for the TGB and MGB,
respectively. Figures 7.10 and 7.11 show that ρs p = 2800 kg m-3 results in bulk densities
much greater than the experimental range indicating that ρs p measured using the gas
pycnometer is rather conservative and that ρs

p

= 2300 kg m-3 measured via water

displacement provides a better correlation between the experimental and numerical ρbl.

Table 7.7 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of dry TGB
Spherical
Shaped
Spherical
Shaped
µr p.p

θR (deg)

hp (mm)

Exp = 24 - 25

Exp scaled = 208 - 220

0.01

20 - 21

21 - 22

113

160

0.05

22 - 23

23 - 24

157

175

0.1

24 - 25

25

186

206

0.15

24 - 26

27 - 28

208

240

0.2

27 - 28

N/A

253

N/A

0.25

32 - 33

N/A

264

N/A
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Table 7.8 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of dry MGB
Spherical
Shaped
Spherical
Shaped
µr p.p

θR (deg)

hp (mm)

Exp = 23 - 25

Exp scaled = 196 - 200

0.01

21 - 22

20 - 21

120

150

0.05

21 - 22

23 - 24

150

177

0.1

23 - 24

23 - 26

190

200

0.15

27 - 28

29

210

230

0.2

28 - 29

N/A

244

N/A

0.25

30 - 31

N/A

270

N/A

The variation of ρbl using spherical or shaped particles is generally minor where a higher
ρbl is typically obtained using spherical particles as depicted in Figures 7.10 and 7.11.
In Figures 7.10 and 7.11, the best correlation between the experimental and numerical
ρbl for the TGB and MGB respectively was obtained using ρs p = 2300 kg m-3 and 0.01 ≤
µ r p.p ≤ 0.05. However, the bulk density using µ r p.p = 0.1 and 0.15 is still reasonably
close to the experimental measurements of ρbl.

2000
ρs=2800kg/m3 - Spherical
ρs=2300kg/m3 - Spherical

1800

ρs=2800kg/m3 - Shaped
ρs=2300kg/m3 - Shaped

1600
ρbl
-3

(kg m )

1400

Exp

1200
1000
0

0.05

0.1

0.15

0.2

0.25

µr p.p

Figure 7.10 Variation of bulk density ρbl due to rolling friction coefficient µ r
particle shape and solid density ρs p of cohesionless TGB in DEM model

p.p,
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2000
ρs=2800kg/m3 - Spherical
ρs=2300kg/m3 - Spherical

1800

ρs=2800kg/m3 - Shaped
ρs=2300kg/m3 - Shaped

1600
ρbl
-3

(kg m )

1400
Exp

1200
1000
0

0.05

0.1

0.15

0.2

0.25

µr p.p

Figure 7.11 Variation of bulk density ρbl due to rolling friction coefficient µ r
particle shape and solid density ρs p of cohesionless MGB in DEM model

p.p,

To model the moist bauxite, the H-M with linear cohesion and the JKR contact models
have been incorporated into the DEM models. The only variables that were examined
and altered in the cohesive DEM models were Ce p.p (linear cohesion model) and γ p.p
(JKR model) where µ r p.p have been selected based on the results presented in Tables 7.7
and 7.8 where the DEM results correlate well to the experimental measurements for
cohesionless bauxite.

Table 7.9 shows a list of calculations to approximate the magnitude of cohesion energy
density required between the particles using the H-M with linear cohesion contact
model to simulate the increased strength of the cohesive bauxite. The approach to
estimate Ce

p.p

was similar to the method used in Table 4.11 where the gravitational

force between two spheres in contact was used to approximate Ce p.p. The diameter of
the spheres to estimate Ce p.p was selected based on the diameter of the mean spherical
particle size or the largest spherical element of the mean shaped particles. This approach
suggests that 3 x 105 < Ce p.p < 8 x 105 is a good testing range to model a slightly to
highly cohesive bulk material using spherical and shaped particles to model the TGB
and MGB.
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Table 7.9 Summary of calculations to estimate Ce p.p – ρs p = 2300 kg m-3
d
16.8
19.6
21.6
mm
R*

4.2

E*

4.9

5.4

94.3

mm

Equation 2.29

MPa

mi g

0.056

0.089

0.119

N

δn

3.62

4.66

5.49

µm

Equation 2.38

Ac

1.91 x 10-7

2.88 x 10-7

3.73 x 10-7

m2

Equation 2.51

mig / Ac

2.94 x 105

3.09 x 105

3.19 x 105

J m-3

Low

1.75 mig / Ac

5.14 x 105

5.41 x 105

5.59 x 105

J m-3

Medium

2.5 mig / Ac

7.34 x 105

7.73 x 105

7.98 x 105

J m-3

High

Spherical

Shaped

Spherical and

TGB

TGB

shaped MGB

particles

particles

particles

Comment

Selecting values of Ce p.p between the recommended range listed in Table 7.9, the results
from the DEM simulations of moist and cohesive bauxite are summarised in Tables 7.10
through 7.13 using the H-M with linear cohesion contact model. An optimisation
algorithm to determine a suitable value of Ce p.p would be ideal to calibrate the moist
bauxite but a vast number of simulations would be required increasing the time to
complete the calibration procedure. For this reason, several values of Ce

p.p

were

selected and partial refinement of Ce p.p was conducted where necessary.
Reviewing Tables 7.10 and 7.11 indicates that Ce p.p = 4.5 x 105 and 7 - 7.5 x 105 is
sufficient to model the TGB at 16 percent moisture content using spherical and shaped
particles respectively. As the spherical particles to model the TGB are slightly smaller
than the smallest spherical element on the shaped particle and a higher µ r p.p = 0.15 has
been used on spherical particles, a lower Ce p.p is required. As Ce p.p is increased, θR and
hp increase and ρbl decreases. For the TGB there is also a reasonably good correlation
between the experimental and numerical ρbl using the linear cohesion model where
lower ρbl are measured compared to the cohesionless DEM models, showing that the
increase in porosity can be roughly modelled using DEM.
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Table 7.10 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of TGB at 16% moisture content - H-M with linear cohesion contact model,
µ r p.p = 0.15, spherical particles
Ce p.p x 105
θR (deg)
hp (mm)
ρbl (kg m-3)
(J m-3)

Exp = 30 - 34

Exp scaled = 276 - 300

Exp = 1145 - 1175

2.5

30 - 31

245

1194

4.5

34 - 35

300

1129

5

34 - 35

308

1122

7.5

38 - 44

350

1055

Table 7.11 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of TGB at 16% moisture content - H-M with linear cohesion contact model,
µ r p.p = 0.1, shaped particles
Ce p.p x 105
θR (deg)
hp (mm)
ρbl (kg m-3)
(J m-3)

Exp = 30 - 34

Exp scaled = 276 - 300

Exp = 1145 - 1175

5

32

230

1178

6.5

32 - 33

280

1155

7

33 - 34

295

1117

7.5

35 - 36

300

1108

Referring to Tables 7.12 and 7.13, a similar Ce p.p = 7.5 x 105 is required to obtain a
good correlation between the numerical and experimental results of MGB at 11 percent
moisture content using spherical or shaped particles as the particles size distributions are
similar. The correlation between ρbl is not as good as the TGB and there is a notable
difference between the experimental and numerical measurements. As the weight of the
moisture or water is not considered and modelled in the DEM simulations, there will be
some discrepancies between the numerical and physical ρbl.
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Table 7.12 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of MGB at 11% moisture content - H-M with linear cohesion contact
model, µ r p.p = 0.1, spherical particles
Ce p.p x 105
θR (deg)
hp (mm)
ρbl (kg m-3)
(J m-3)

Exp = 39 - 42

Exp scaled = 268 - 284

Exp = 1277- 1305

2.5

30

210

1216

5

35 - 36

283

1165

7.5

42 - 43

272

1112

10

44 - 46

300

1064

Table 7.13 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of MGB at 11% moisture content - H-M with linear cohesion contact
model, µ r p.p = 0.1, shaped particles
Ce p.p x 105
θR (deg)
hp (mm)
ρbl (kg m-3)
(J m-3)

Exp = 39 - 42

Exp scaled = 268 - 284

Exp = 1277- 1305

5

32 - 33

250

1152

7.5

38 - 39

286

1115

10

46

305

1070

Using the JKR model, several simulations were conducted to model the moist TGB
using shaped particles only where the surface energy was varied between 90 and
150 J m-2. The results from the investigation using the JKR model are summarised in
Table 7.14 where γp.p = 110 J m-2 results in a pile which best matches the experimental
swing-arm slump test results. Generally the JKR model is implemented to model small
spherical particles where γp.p is typically lower than 1 J m-2 but due to the size of
particles, γp.p is much higher than most values published in the literature (Baran et al.
2009). The implementation of high values of γ p.p results in excessive adhesive forces
between the particles causing the particles to clump together and minimal failure of the
column of particles when the tube halves are pulled away from each other.

Figures 7.12 and 7.13 show an experimental and DEM comparison between the profile
of the pile formed after slumping of the moist TGB and MGB respectively. The DEM
results presented in Figure 7.12 using the linear cohesion and JKR models are a
summary of the ideal parameters determined from Tables 7.10, 7.11 and 7.14 using
spherical and shaped particles. Figures 7.12(b) and (c) provide a good comparison
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against the physical result as a distinctive point is present in the DEM predictions.
Figure 7.12(b) also shows the adhesion of smaller spherical particles to larger particles.
The pile formed using the JKR model shown in Figure 7.12(d) reveals a similar angle of
repose to the experimental pile but the top of the pile is marginally curved, which is not
present in the physical pile. Thus using smaller particles creates a more defined pile
profile, which visually compares better to reality. Figure 7.13(a) shows a unique pile
profile, formed from the failure of the moist MGB where a convex profile resulted due
to the stickiness of the MGB. Comparing Figures 7.13 (b) and (c) to Figure 7.13(a), it is
clear that modelling the MGB using spherical particles produces the best correlation to
the experimental pile in regards to the curvature. However, the pile formed using the
shaped particles (Figure 7.13(c)) still has a convex surface profile where a good
correlation θR and hp exists between the DEM and experimental results.

Table 7.14 Summary of DEM results from 400 I.D. split tube swing-arm slump
simulations of TGB at 16% moisture content - JKR contact model, µ r p.p = 0.1, shaped
particles
γ p.p
θR (deg)
hp (mm)
ρbl (kg m-3)
(J m-2)

Exp = 30 - 34

Exp scaled = 276 - 300

Exp = 1145 - 1175

90

32

268

1136

100

34

267

1128

110

34 - 35

280

1107

125

35

280

1102

150

42

282

1067
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(a)

(b)

(c)

(d)
Figure 7.12 Profile of pile formed of TGB at 16% moisture content from (a) 100 I.D.
experimental swing-arm slump test and DEM model of 400 I.D. swing-arm slump test
using H-M with linear cohesion contact model, (b) µ r p.p = 0.15, Ce p.p = 4.5 x 105 J m-3,
spherical particles, (c) µ r p.p = 0.1, Ce p.p = 7 x 105 J m-3, shaped particles and (d) JKR
model, µ r p.p = 0.1, γ p.p = 110 J m-2, shaped particles
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(a)

(b)

(c)
Figure 7.13 Profile of pile formed of MGB at 11% moisture content from (a) 100 I.D.
experimental swing-arm slump test and DEM model of 400 I.D. swing-arm slump test
using H-M with linear cohesion contact model, (b) µ r p.p = 0.1, Ce p.p = 7.5 x 105 J m-3,
spherical particles and (c) µ r p.p = 0.1, Ce p.p = 7.5 x 105 J m-3, shaped particles

7. 9 Calibration of the bauxite using the flat bottom hopper discharge test
To evaluate the difference between the material models developed from the slump tests
where rapid flow occurs to the flow regimes which that during the discharge of bulk
material from a flat bottom hopper, a series of tests (shown in Figure 7.14) and
simulations were conducted using dry and moist bauxite. To simplify the investigation
and to provide a good comparison between the flow behaviour of the bauxite at different
moisture contents, the mass of bauxite used during the tests and the opening of the
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hopper were kept constant as listed in Table 7.5. Comparing the final images from the
hopper discharge tests in Figure 7.14, there is a clear difference between θR,d, θR,d and hp
when the bauxite is dry and moist.

(a)

(b)

(c)

Figure 7.14 Discharge of (a) dry TGB, (b) TGB at 16% moisture content and (c)
MGB at 11% moisture content from flat bottom hopper – B = 80 mm
The difference between the results when the TGB or MGB were tested dry is trivial as
highlighted in Table 7.5. Once again the moist bauxite material models have been
developed by firstly instituting a calibrated material model for dry and cohesionless
bauxite using the H-M contact model and conducting a parameter sweep on µ r p.p. Tables
7.15 and 7.16 summarise the DEM results for the TGB and MGB respectively using
spherical and shaped particles. Table 7.15 shows a noticeable difference between θR,d
using spherical and shaped particles for the same value of µ r p.p to model the dry TGB.
Due to the spherical particles and rolling torque model, it was more difficult to obtain a
steady-state pile of particles in the hopper where particles kept rolling out of the hopper
reducing θR,d but subsequently increasing θR and hp as more particles were discharged
from the hopper. Using shaped particles helps to retain a stable pile in the hopper and
results in greater θR,d when modelling the dry TGB and MGB. Table 7.15 indicates that
µr

p.p

= 0.1 is required to match θR,d but over models the θR and hp. Using shaped

particles, µ r p.p = 0.05 is adequate to obtain a good match between θR,d, θR and hp. For the
dry MGB, µ r p.p = 0.05 is sufficient to obtain a good correlation between θR,d, θR and hp
where the shaped particles provide more conservative angles of repose.
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Table 7.15 Summary of DEM results from flat bottom hopper discharge test of dry
TGB
Spherical
Shaped
Spherical
Shaped
Spherical
Shaped
µr p.p

θR,d (deg)

θR (deg)

hp (mm)

Exp = 40 - 43

Exp = 33 - 34

Exp scaled = 272 - 280

0.01

25

35 - 36

31 - 32

33

207

248

0.05

33

40 - 41

36 - 37

34 - 35

280

285

0.1

40 - 41

47

41

38 - 39

340

367

0.15

46

N/A

44

N/A

390

N/A

0.2

51

N/A

44

N/A

430

N/A

Table 7.16 Summary of DEM results from flat bottom hopper discharge test of dry
MGB
Spherical
Shaped
Spherical
Shaped
Spherical
Shaped
µr p.p

θR,d (deg)

θR (deg)

hp (mm)

Exp = 36 - 43

Exp = 33 - 36

Exp scaled = 280 - 288

0.01

30

36

29 - 31

33

217

265

0.05

37

40 - 41

33 - 35

38

273

300

0.1

45

45 - 48

39 - 40

40 - 41

345

370

0.15

49

N/A

41 - 42

N/A

384

N/A

0.2

54 - 56

N/A

43

N/A

415

N/A

Similar to the calibration of the moist bauxite using the slump test, the linear cohesion
or JKR model has been incorporated into the DEM model where the magnitude of
Ce p.p or γ p.p have been altered to satisfactorily model the cohesive bauxite. Using µ r p.p
determined from Tables 7.15 and 7.16, Tables 7.17 through 7.20 list the results from the
DEM simulations using the H-M with linear cohesion contact model to model the TGB
at 16 percent moisture content and MGB at 11 percent moisture content using spherical
and shaped particles.

For the moist TGB, Ce

p.p

= 4.5 x 105 J m-3 provides a good match between the

experimental and DEM results using spherical particles as shown in Table 7.17. Figure
7.15 shows that a stable cohesive arch is formed when Ce p.p = 7.5 x 105 J m-3 when the
discharge gate is released indicating that Ce p.p is excessive and unrealistic to model the
TGB using spherical particles with the size distribution shown in Figure 7.3. Using
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shaped particles, 6.5 ≤ Ce p.p ≤ 7 x 105 J m-3 is satisfactory to model the moist TGB as
depicted in Table 7.18.
Table 7.17 Summary of DEM results from flat bottom hopper discharge simulations of
TGB at 16% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.1,
spherical particles
Ce p.p x 105
θR,d (deg)
θR (deg)
hp (mm)
(J m-3)

Exp = 59 - 63

Exp = 38 - 44

Exp scaled = 384 - 432

2.5

54

41

380

4

58 - 59

44

420

4.5

60 - 61

45 - 46

433

5

62

44 - 45

433

7.5

Cohesive arch formed

Table 7.18 Summary of DEM results from flat bottom hopper discharge simulations of
TGB at 16% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.05,
shaped particles
Ce p.p x 105
θR,d (deg)
θR (deg)
hp (mm)
(J m-3)

Exp = 59 - 63

Exp = 38 - 44

Exp scaled = 384 - 432

5

51 - 53

41

340

6

55 - 58

43 - 44

360

6.5

55 - 59

43

388

7

64 - 65

42 - 43

380

8

Unstable cohesive arch formed

Figure 7.15 Cohesive arch formed in DEM simulation using H-M with linear
cohesion contact model - µ r p.p = 0.1, Ce p.p = 7.5 x 105 J m-3, spherical particles,
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For the MGB, Ce p.p = 6.5 x 105 and 7.25 x 105 J m-3 is sufficient to model the cohesive
material using spherical and shaped particles respectively, as highlighted in Tables 7.19
and 7.20. Table 7.20 shows that hp is relatively constant around 380 mm, which is
below the scaled experimental minimum hp of 404 mm but when Ce

p.p

= 7.25 x 105

J m-3, there is still a good correlation present for θR,d and θR. As Ce p.p is increased, θR,d
increases and less particles are discharged from the hopper, limiting hp. Although 7.25 x
105 ≤ Ce p.p ≤ 8 x 105 J m-3 appears to be suitable to model the MGB shown in Table
7.20 using shaped particles, unstable cohesive arches were formed which collapsed
when Ce p.p ≥ 7.5 x 105 J m-3 resulting in longer discharge periods and flow patterns.
These differed from the recorded flow patterns from the high-speed camera. Thus
Ce p.p ≥ 7.5 x 105 J m-3 was believed to be excessive to model the dynamic discharge
behaviour of the cohesive MGB.

Table 7.19 Summary of DEM results from flat bottom hopper discharge simulations of
MGB at 11% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.05,
spherical particles
θR,d (deg)
θR (deg)
hp (mm)
Ce p.p x 105
(J m-3)

Exp = 65 - 70

Exp = 42 - 47

Exp scaled = 404 - 436

2.5

41 - 42

40 - 41

315

5

55 - 56

41

355

6.5

62 - 68

44

400

7.5

69 - 70

43

448

Table 7.20 Summary of DEM results from flat bottom hopper discharge simulations of
MGB at 11% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.05,
shaped particles
Ce p.p x 105
θR,d (deg)
θR (deg)
hp (mm)
(J m-3)

Exp = 65 - 70

Exp = 42 - 47

Exp scaled = 404 - 436

5

50

40

381

6.5

59 - 63

41 - 42

370

7.25

66

42 - 44

380

7.5

65 - 66

43

388

8

70 - 72

43

400
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Using the JKR contact model to model the interactions between the particles, Table 7.21
summarises the results from the DEM simulations of TGB at 16 percent moisture
content using shaped particles. Once again the scope of the DEM simulations was
limited to the TGB using shaped particles. As highlighted in Table 7.21, γ p.p = 90 J m-2
is ideal to obtain a good match between the numerical and experimental θR,d, θR and hp.
When γ p.p = 100 J m-2, a stable cohesive arch is formed.

Table 7.21 Summary of DEM results from flat bottom hopper discharge simulations of
TGB at 16% moisture content – JKR contact model, µ r p.p = 0.05, shaped particles
γ p.p
θR,d (deg)
θR (deg)
hp (mm)
(J m-2)

Exp = 59 - 63

Exp = 38 - 44

Exp scaled = 384 - 432

50

50

45

366

70

57

44

358

90

61- 63

43

400

100

Cohesive arch formed

To examine the discharge flow patterns from the hopper and explore the stability of the
particles in the hopper once draw-down has occurred, a series of images from the
experimental test (Figure 7.16) of TGB at 16 percent moisture content have been
recorded from the high-speed camera and compared against the DEM models.

Figure 7.16 shows that when the gate is released a small proportion of the TGB initially
discharges from the hopper forming a weak cohesive arch. This arch failed, allowing the
TGB to flow (funnel flow) where a majority of the TGB was discharged within
approximately 0.8 seconds. After 1.2 seconds a stable heap of material was retained in
the hopper where there was minimal rolling or sliding of particles. Figures 7.17 and
7.18 provide a comparison between the flow patterns using spherical and shaped
particles respectively, where cohesion is modelled using the linear cohesion model.
Reviewing Figures 7.17 and 7.18 shows that the discharge duration is greater using
spherical particles where particles continue to discharge from the hopper after 4 seconds
due to the particle shape modelling, rolling torque model and lack of adhesion between
the particles to retain the particles in the hopper.
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t = 0.2s

t = 0.4s

t = 0.6s

t = 0.8s

t = 1s

t = 1.2s

Figure 7.16 Discharge behaviour from flat bottom hopper of TGB at 16% moisture
content - B = 80 mm
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t = 0.4s

t = 0.8s

t = 1.2s

t = 1.6s

t = 2s

t = 4s

t = 6s

t = 8s

Figure 7.17 Discharge behaviour from DEM simulation of flat bottom hopper of
TGB at 16% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.1,
Ce p.p = 4.5 x 105 J m-3, spherical particles, B = 320 mm
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t = 0.4s

t = 0.8s

t = 1.2s

t = 1.6s

t = 2s

t = 4s

Figure 7.18 Discharge behaviour from DEM simulation of flat bottom hopper of
TGB at 16% moisture content - H-M with linear cohesion contact model, µ r p.p = 0.05,
Ce p.p = 7 x 105 J m-3, shaped particles, B = 320 mm
Comparing the flow patterns at 0.8 seconds in Figures 7.17 and 7.18, fewer particles
have discharged from the hopper and a greater arch is present using spherical particles
and a higher µ r p.p = 0.1. Due to the scale-up of the hopper and mass of particles in the
hopper, no direct comparison can be made to the discharge time from the bench scale
physical test to the DEM models. Figure 7.19 shows the flow patterns using JKR model
with shaped particles, which provides the best correlation to the bench scale physical
flow patterns shown in Figure 7.16. A distinct advantage of the JKR model is the
greater stability that was observed in the hopper after 4 seconds of the static particles.
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With the presence of the adhesion force, the particles would stick together better at high
drained angles of repose. Figure 7.19 also shows particles suspended under the
discharge gate at 4 seconds, which did not occur in reality but highlights the capabilities
of the JKR model.

t = 0.4s

t = 0.8s

t = 1.2s

t = 1.6s

t = 2s

t = 4s

Figure 7.19 Discharge behaviour from DEM simulation of flat bottom hopper of
TGB at 16% moisture content – JKR contact model, µ r p.p = 0.05, γ p.p = 90 J m-2,
shaped particles, B = 320 mm

233

Chapter 7 – Development of a DEM material model for bauxite

7. 10 Summary of developed DEM material models
To examine the difference between the parameters determined using the swing-arm
slump and hopper discharge tests, the ideal µ r

p.p,

Ce

p.p

and γp.p have been listed in

Tables 7.22 and 7.23 for the TGB and MGB respectively. It is clear from Tables 7.22
and 7.23 that there is no unique set of parameters that can model the particle flow in the
slump and hopper discharge tests. For unconfined rapid flow, a conservative set of
parameters is required to provide greater rotational and frictional restrain. The two
material models developed (A and B) from the slump and hopper discharge test
respectively are further explored in Chapter 11 to determine which material model is
appropriate to model particle flow through various large scale conveyor transfer
configurations.

Table 7.22 Summary of the suggested parameter values to model the dry and moist
TGB at 16% moisture content using spherical and shaped particles
Swing-arm slump test –
Flat bottom hopper discharge

Parameter

material model A

test – material model B

(MM-A)

(MM-B)

Spherical

Shaped

Spherical

Shaped

0.15

0.1

0.1

0.05

Ce p.p x 10 (J m )

4.5

7 – 7.5

4.5

6.5 - 7

γp.p (J m-2)

N/A

110

N/A

90

µ r p.p
5

-3

Table 7.23 Summary of the suggested parameter values to model the dry and moist
MGB at 11% moisture content using spherical and shaped particles
Swing-arm slump test –
Flat bottom discharge test –
material model A (MM-A)

material model B (MM-B)

Parameter

Spherical

Shaped

Spherical

Shaped

µ r p.p

0.1

0.1

0.05

0.05

Ce p.p x 105 (J m-3)

7.5

7.5

6.5

7.25
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7. 11 Calibration of the particle-to-boundary interactions of the bauxite
The interaction between particles and boundaries is important in many bulk material
applications and generally governs the velocity of material flow through a chute or the
ability to form a stable arch in a bin, for example. To develop a set of parameters to
model the sliding and rolling of dry and moist bauxite on Bisplate® 400, inclination tests
were conducted as described in Section 3.5.5 to obtain suitable values of ur p.w and Ce p.w
using the linear cohesion model and γp.w using the JKR model. Bisplate 400 was
examined as this wall material was utilised in Chapters 10 and 11 to verify wall friction
angles in DEM simulations of wall friction tests and study the flow of bauxite through a
chute lined with Bisplate 400. The static friction coefficient between the dry bauxite and
Bisplate 400 was estimated using the large scale wall friction tester developed in
Chapter 8, where the products were tested as a bulk sample. µ s

p.w

for the TGB and

MGB were evaluated from the gradient of the WYL provided in Figures 9.27 and 9.36
respectively, shown in Table 7.24, which were implemented in the DEM models of the
inclination simulation.

Table 7.24 Summary of measured µ s p.w and angle of slip of bauxite on the inclination
tester using Bisplate 400
TGB
MGB
Dry

16% moisture
content

Dry

11% moisture
content

µ s p.w

0.58

-

0.48

-

Angle of slip (deg)

24 - 27

38 - 44

25 - 27

44 - 50

DEM inclination simulations were simple to conduct, where approximately 1600 to
3500 particles were placed on a flat plane (see Figure 7.20(a)) and the plane was
inclined at a rate of 2.5 deg s-1 until gross slip or rolling occurred. The interaction
parameters of the spherical or shaped particles were selected based on material model B
listed in Tables 7.22 and 7.23 for the TGB and MGB respectively. Table 7.25
summarises the results from the DEM inclination simulations of the dry bauxite where
spherical and shaped particles were examined using the H-M contact model. Table 7.25
indicates that a greater µ r

p.w

is required to obtain a good correlation between the

experimental and numerical angles of slip using spherical particles. Also µ r p.w evaluated
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in Table 7.25 is greater than µ r
suggested µ r

p.w

p.p

determined in Tables 7.22 and 7.23. Using the

highlighted in Table 7.25, further DEM inclination simulations were

conducted using the H-M with linear cohesion and JKR contact models to model the
moist TGB and MGB on the Bisplate 400. The results of this investigation are listed in
Tables 7.26 and 7.27. Table 7.26 indicates that Ce p.w = 4 x 105 J m-3 is satisfactory to
represent the slip between the spherical TGB particles and Bisplate 400, while 7 x 105 ≤
Ce p.w ≤ 8 x 105 J m-3 is adequate to model the slip between the Bisplate 400 and larger
shaped TGB and MGB particles.

Table 7.25 Summary approximate angle where gross slip or rolling occurred in DEM
models using H-M contact model to model dry bauxite
Angle where gross slip or rolling occurred (deg)
TGB

MGB

Exp = 24 - 27

Exp = 25 - 27

µr p.w

Spherical

Shaped

Spherical

Shaped

0.1

18

23

15

24

0.15

23

26

17.5

26

0.2

25

27

20

27

0.25

27

29

25.5

28

Table 7.26 Summary approximate angle where gross slip or rolling occurred in DEM
models using H-M with linear cohesion contact model to model moist bauxite
Angle where gross slip or rolling occurred (deg)
TGB

MGB

Exp = 38 - 44

Exp = 44 - 50

Ce p.w x 105

Spherical

Shaped

Spherical

Shaped

(J m-3)

µr p.w = 0.25

µr p.w = 0.2

µr p.w = 0.25

µr p.w = 0.2

3

40

-

-

-

4

43

40

-

-

5

45

41

40

38

6

-

43

43

42

7

-

44

48

44

8

-

46

50

47

9

-

-

-

51
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The JKR model was also examined with a limited scope on the TGB using shaped
particles as depicted in Table 7.27 where 0.1 ≤ γ p.w ≤ 5 J m-2. Unlike the high γ p.p values
used to model the interactions between the particles in the slump and hopper discharge
DEM models shown in Table 7.22, a much lower value of γ p.w = 1 J m-2 was needed in
the inclination simulation to obtain realistic results.

Table 7.27 Summary approximate angle where gross slip or rolling occurred in DEM
models using JKR contact model to model moist TGB
Angle where gross slip or rolling
occurred (deg) Exp = 38 - 44
γ p.w (J m-2)

Shaped
µr p.w = 0.2

0.1

30

0.8

40

1

43

5

47

Comparing Figures 7.20(b) and 7.21(b), there is a noticeable difference in the flow
behaviour of the failure of the shaped particles to model the moist TGB using the H-M
with linear cohesion and JKR model. When conducting the inclination experiments with
the dry bauxite, particles would prematurely begin to roll down the inclined Bisplate
400 wall sample before gross slip occurred. When the bauxite was tested near maximum
strength conditions, the particles would clump together and gross slip would occur
resulting in the mass of material sliding down the Bisplate 400 wall sample as one
clump of material. Figure 7.21(b) displays a very similar behaviour to the latter
experimental observation where the particles slide down the inclined plane as a clump
of particles using the JKR model. Figure 7.20(b) shows that particles begin to separate
and slide before gross slip occurs with the linear cohesion model but the angle where
gross slip occurs is greater than when the bauxite is modelled with no cohesion.
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(a)

(b)

Figure 7.20 DEM inclination test of TGB using shaped particles and H-M with linear
cohesion model, (a) placement of particles on place, (b) angle where slip occurs, µ r p.w = 0.2, Ce p.w = 7 x 105 J m-3

(a)

(b)

Figure 7.21 DEM inclination test of TGB using shaped particles and JKR model, (a)
placement of particles on place, (b) angle where slip occurs, - µ r p.w = 0.2, γp.w = 1 J m-2

7. 12 Discussion
This chapter has successfully examined the development of two DEM material models
for TGB and MGB under dry and at maximum strength conditions using the swing-arm
slump and hopper discharge calibrations experiments. Spherical and non-spherical
particle shape representations were investigated where notable differences between the
bulk flow and steady-state stability of the particles was observed. Scale-up of the
particle size distribution and geometry provided a feasible technique to model large
quantities of bauxite by adequately calibrating the contact model parameters to obtain
realistic static and dynamic bulk flow. The JKR model was demonstrated to be an
improved contact model to study the adhesion and cohesion between solid bodies where
particles could stick together to increase the internal strength of the assembly of
particles. A disadvantage of the JKR model was the increased computational time
required to solve the total normal force during collision. The technique adopted to
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estimate Ce

p.p

as depicted in Table 7.9 proved to be adequate to develop a rough

working range to reduce the number of iterations required to determine a suitable value
of Ce p.p by matching the DEM results against experimental data.
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Chapter 8 - Development of the large scale wall friction tester

8. 1 Introduction
The interaction of a bulk solid with a wall surface is one of the key parameters
governing the design and reliability of mass flow hoppers, feeders, chutes and other
equipment where flow is expected to occur. Estimating wall friction angles inaccurately
could potentially lead to disastrous outcomes using continuum-based design methods or
DEM. Measured wall friction angles can often present surprising results depending on
the properties of the bulk solid and the wall material, especially at low consolidation
pressures, emphasising the need to develop reliable techniques to measure wall friction.
The Jenike direct shear tester (JST) is a common machine used in laboratories world
wide to measure wall friction angles. The functionality of the tester is limited by the
shear cell size, which governs the top particle size that can be accurately tested as well
as the shear rate and displacement. This chapter outlines the development and function
of a new large scale wall friction tester (LSWFT) as well as the test work conducted to
verify the accuracy and calibration of the normal and shear force application and
measuring systems respectively.

8. 2 Design specifications of new wall friction tester
The process of conducting wall friction tests and the setup of the equipment is
straightforward compared to internal shear testing and the skill requirement of the
operator is less challenging and sensitive. To primarily examine the effect coarse
particles and the size of the shear cell has on wall friction angles, a new LSWFT was
designed and built to investigate the latter issues. The three main techniques for
measuring wall friction examined were the JST, the Schulze ring shear tester and the
Haaker type wall friction tester, as reviewed by Schwedes (2003). The Schulze ring
shear tester provides unlimited shear strain unlike the JST, which has a limited shear
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strain. Having a long shear strain enables numerous wall friction tests to be conducted
with longer steady-state shear periods without resetting or repositioning the shear cell
due to restricted travel on the tester. A ring shear tester also enables longer
“conditioning” periods where the bulk material is sheared against a wall sample under
high normal pressures to prepare a representative wall sample surface to conditions
similar to the application of the test, such as mass flow bins and rapid chute flow.
Measuring wall friction with the ring shear tester can be problematic because of the cost
and complexity to prepare an annular-shaped wall sample, especially for bulk materials,
which are dependent on grain structure and joint patterns (Schulze 2007, p. 93).
Comparative tests between the JST and ring shear tester have shown that high wall
friction angles are measured on the ring shear tester due to the friction between the
stationary bulk material and rotating side walls (Schwedes 2003). However,
modification of the ring shear tester to provide a greater gap between the lid and side
wall of the ring provides a better correlation to the results from the JST.

The JST has proven to be a reliable method for measuring material flow properties for
over 45 years and has been subject to many surveys and quantitative comparisons
against other testers where the JST results are used as a bench mark. Therefore, the
basic principles of the JST and the standard testing methodology outlined in the
Standard Shear Testing Technique (SSTT) for particulate solids using the Jenike shear
cell (Institution of Chemical Engineers 1989), which was the foundation for the ASTM
standard D 6128-06, Standard Test Method for Shear Testing of Bulk Solids using the
Jenike Shear Cell, were adopted for this research. A limitation of the JST is the
minimum normal pressure that can be applied to the shear plane due to the weight of the
bulk material, shear ring and cover, which need to be included in the total normal force
above the shear plane. An inverted Jenike shear cell design overcomes the latter
limitation, allowing for better predictions of the cohesion stress between a bulk material
and wall material as less extrapolation of the wall yield locus to the ordinate on a “σw
vs. τw” plot is required. However, an inverted design is more complex than the standard
design as the bulk material is sheared underneath the wall sample making it more
difficult and time consuming to consolidate and prepare the bulk solid for shearing.

The SSTT was used as a guide on the required dimensions and layout of the new
LSWFT to successfully conduct wall friction tests. The LSWFT was primarily designed
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by scaling up the standard JST shear cell where a maximum inside diameter of the shear
cell of 300 mm was selected as the key dimension to design and build the LSWFT. A
larger shear cell diameter could have been selected but the amount of bulk material
required begins to become more difficult and time consuming to handle and the cost of
the machine increases due to larger components required. Table 8.1 compares various
dimensions of the standard JST and the LSWFT, where the shear cell on the LSWFT
has been scaled up by approximately a factor of 3.15 and a shear cell height of 50 mm
was deemed to be suitable. Based on the dimensions of the LSWFT shear cell, the area
of the shear plane is increased by almost a factor of 10 and the volume of the shear cell
is increased by a factor of 31.24. As recommended by the SSTT and ASTM standard
D 6128-06, bulk solids with a particle size up to 5 percent of the shear cell diameter are
suitable to test on a Jenike type shear tester. Scott and Keys (1992) recommend for wall
friction testing that the maximum particle size can be up to 10 percent of the shear cell
diameter, which suggests that the LSWFT is suitable to test particle sizes up to 30 mm.

Table 8.1 Comparison of standard JST and LSWFT
Standard JST LSWFT Scale up Factor
Shear cell I.D. Dcell (mm)
95.25
300
3.15
Shear cell height (mm)
15.875
50
3.15
2
Shear area (cm )
71.26
706.86
9.9
3
Volume (cm )
113.12
3534.3
31.24
Maximum particle size (mm)
4.7625
15
based on Dcell/20
Maximum particle size (mm)
9.525
30
based on Dcell/10
The primary function of the LSWFT is to apply a monotonically decreasing normal
force to the shear cell while shearing the cell at a constant shear rate. One of the critical
requirements of the LSWFT is that a steady normal force is applied on top of the shear
cell to obtain steady and reliable stress-strain curves to establish repeatable results.
Weights are a simple and trustworthy method for applying a constant normal force on
top of the shear cell. However, as the shear area on the LSWFT is approximately 10
times greater than the standard JST, the force required to obtain equivalent pressures
would require a weight greater than 100 kg (13 kPa), which is a health and safety
concern and labour intensive process. As wall friction tests need to be repeated until the
results become consistent, a simple and safe technique for the normal force application
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needed to be designed and verified. In the design of the LSWFT, several requirements
and constraints needed to be considered which included:
•

the normal force application technique has to be robust, easy to operate and
control with a desired accuracy of 0.1% of the full scale output;

•

the normal force and shear force needs to be instantaneously recorded;

•

the shear rate needs to be easily controlled between 2.5 to 50 mm min-1, noting
that 2.69 mm min-1 is used on the original JST,

•

a method is required to pre-consolidate the bulk material;

•

the tester must be able to accommodate wall samples with approximate
dimensions of 600 mm long by 500 mm wide and up to 50 mm thick;

•

the tester must be designed so that the work area around the shear cell is
approximately 1.5 m from the ground to allow for ergonomic operation of the
tester;

•

the overall dimensions of the tester should be minimised to ensure there is
sufficient space in the laboratory;

•

the load cells need to be simple to remove and calibrate;

•

the wall sample and bulk material need to be easily and safely secured or placed
into the shear cell, respectively;

•

the shear cell ring must be able to be lifted after pre-consolidation to prevent the
ring touching the wall sample during testing according to the SSTT;

•

the tester and test procedure need to be as automated as possible to reduce
operator variation and labour requirements for ease of operation;

•

the method of adjusting and monitoring key parameters of the tester, such as
normal force, normal force reductions, shear rate, pre-consolidation force and
the control variables for the normal force application and shear rate control
needs to be simple; and

•

all electrical circuits need to be low voltage and all energised sources need to
comply to Australian Operational, Health and Safety (OH&S) regulations (New
South Wales Government 2009) by ensuring dangerous energised sources have
adequate emergency isolation switches to prevent harm to operators.
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8. 3 Design and development of the prototype normal force application
The application of the normal force to the shear cell is critical to obtain reliable and
accurate results. The normal force needs to be easy to apply and must remain as steady
as possible with minimal steady-state error and overshoot when the normal force is
changed. If the normal force fluctuates excessively, the fluctuations would be easily
transmitted to the shear plane, which would affect the shear force readings and the
accuracy of the wall friction angles. Generally, a hanger is used to support the weights
on top of the shear cell on the JST where very small oscillations of the weights and
hanger are noticed in the recorded shear force when conducting wall friction tests.
When the measured shear force is not steady, longer shear strains are required to obtain
a steady-state shear force but this makes it difficult to complete a full test due to the
limited shear displacement. With difficult-to-test bulk materials, longer shear strain is in
most circumstances beneficial to obtain longer steady-state shear and repeatable results.
Several alternatives were considered to apply the normal force to the top of the shear
cell. These included:
•

a lever arm using a small set of weights at the end of a pivoting beam;

•

a hydraulic cylinder and pressure/force control circuit;

•

a pneumatic cylinder and pressure/force control circuit; and

•

a spring attached to a ball screw and servo motor where the torque/force is
controlled by a servo drive.

From the options above, the lever arm is the simplest method but the required geometry
to achieve a suitable mechanical advantage would be large and there could be potential
hassles its operation and accuracy depending on whether the shear cell or wall sample
translates. A hydraulic cylinder controlled by a good proportional pressure valve can
provide a steady force, however the required normal force ranges from only 0 to 250 kg
and the required flow rate is low for typical hydraulic applications requiring nonstandard equipment that would be expensive and potentially problematic. A spring
system resourcefully attached to a ball screw and servo motor could achieve a desired
result but several components would be required for the assembly including a servo
drive reducing the simplicity of the tester and increasing the cost. Although air is
compressible, a pneumatic cylinder controlled by an electro-pneumatic regulator was
deemed to be the most feasible solution, which was simple and cost effective.
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To assist the author in the final design and manufacture of the LSWFT, an
undergraduate thesis project was concurrently completed by Mills (2009), which
contains more detail on the initial concept designs and development of the LSWFT to
the commissioning stage. To validate and test the pneumatic normal force application
system (a critical component of the LSWFT) a prototype was designed and assembled
as shown in Figure 8.1.

Figure 8.1 Setup of the normal force application prototype
Prototyping the normal force application system was considered to a key stage in the
design of the LSWFT. If the system performed to the desired specifications, the detailed
design of the tester could proceed with a high degree of confidence so that the final
design would achieve the required outcomes otherwise further design and testing of the
normal force application would have been required. The prototype was built with basic
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components from the laboratory and several components such as the programmable
logic controller (PLC) and electro-pneumatic regulator were loaned and purchased
respectively.

The normal force application prototype consisted of a 250 kg S-type load cell attached
to end of the rod of a 100 mm bore pneumatic cylinder. Back pressure was applied to
the retracting end of the pneumatic cylinder to oppose the weight of the suspended
components to obtain zero force at the load cell and to improve the control of the system
by adding resistance into the control loop. A PLC was used to control the operation of
the pneumatic directional control values and the force set point using a robust
proportional-integral (PI) controller built into the PLC. In order to control the force on
the rod of the pneumatic cylinder via an electro-pneumatic regulator, feedback is
essential to precisely regulate the cylinder pressure, which was provided by the load cell
connected to a load cell transmitter that feeds back into the PLC. The aim of the
prototype was to examine the general functionality of the assembly, response time and
steady-state error of the normal force. Figure 8.2 shows the measured force on the load
cell once the PLC was calibrated and the PI controller tuned. To examine the response
of the prototype, a test was conducted where the normal force of the pneumatic cylinder
was increased from approximately 0 to 200 kg and then stepped down in increments of
either 20, 40 or 60 kilograms.

Figure 8.2 shows that the response of the system was reasonable where the normal force
can be changed from 0 to 200 kg within 6 seconds and the normal force can be reduced
from 140 to 80 kg within 2 seconds with minimal overshoot and undershoot. The unitstep response of the system when the set force was reduced was excellent as the system
can quickly respond to a lower normal force with negligible oscillation and retain
stability which is essential for the LSWFT. The steady-state error and fluctuation of the
normal force appears to be satisfactory in Figure 8.2 but a closer examination has been
conducted in Table 8.2.
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Figure 8.2 Sample of the results from the normal force application prototype
Table 8.2 shows the measured average steady-state normal force and deviation of the
force for several normal force set points from Figure 8.2. The equivalent normal
pressure on a 300 I.D. shear cell calculated from the deviation of the normal force has
been evaluated to assess the accuracy of the prototype. When the normal force was low
there was greater deviation in the steady-state force unlike at higher forces where the
deviation was much less. The main source of the deviation was the poor signal from the
load cell transmitter, which was an old transmitter that had a low gain or output signal.
The transmitter was adjusted to achieve maximum gain but the output voltage was
limited to 5 V while the PLC analogue expansion Input/Output (I/O) had an input range
between 0 and 10 V. Therefore, as the span on the load cell transmitter was low
compared to the PLC span, the resolution of the PLC was poor at low normal forces.
Besides the poor electrical signal, the maximum equivalent normal pressure on a 300
I.D. shear cell deviation was deemed to be acceptable of approximately ± 0.1 kPa,
which was approximately 0.27 percent deviation of the full scale output of the 250 kg
load cell. It was envisaged that the steady-state force could be controlled more steadily
using a precision load cell transmitter and further tuning of the PI controller. A
hydraulic jack, as shown in Figure 8.1, was used to simulate the effect of the bulk
material compacting or diluting during testing by raising or lowering the pneumatic
cylinder rod while still maintaining a constant force. When the hydraulic jack was
incremented slightly up and down the control system was observed to be robust to
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rectify the force set point by quickly adjusting the pressure in the pneumatic cylinder
with negligible oscillation and overshoot. The prototype provided valuable results and
drew attention to components of the design that required further investigation but was a
successful task to verify the accuracy and suitability of the pneumatic cylinder and
electro-pneumatic pressure regulator to apply the normal force on top of the shear cell.
Table 8.2 Summary of the accuracy and deviation of the normal force at various set
points on the normal force application prototype
Average
Minimum
Maximum
Maximum
Equivalent normal
steady-state
steady-state
steady-state
deviation
pressure deviation
force (kg)
force (kg)
force (kg)
(kg)
on 300 I.D. shear
cell (kPa)
200.35
200.00
200.73
0.38
0.053
140.04
139.75
140.41
0.37
0.051
79.96
79.48
80.44
0.49
0.068
40.08
39.41
40.57
0.67
0.093

8. 4 Final design and layout of the LSWFT
The design of the LSWFT would be relatively simple if the JST could be easily scaled
up and the same test principles adopted. The JST operates by shearing the shear cell
against a stationary wall sample coupon with weights on top of the shear cell. As
previously discussed the LSWFT was to be based on the recommendations in the SSTT
and ASTM standard D 6128-06 but several modifications were made to automate the
tester by using a pneumatic cylinder to apply the normal force on the shear cell. The
primary function of the shear cell is to confine the bulk material and apply an evenly
distributed consolidation force across the shear plane using the cover on the shear cell.
As long as the bulk material remains consolidated during testing, it should not be
critical whether the shear cell remains stationary while the wall sample translates under
the shear cell or vice versa. After many concept designs and force body diagrams were
analysed to investigate how the normal and shear forces from the shear cell are
transmitted, the final design concept adopted is shown in Figures 8.3 and 8.4.
The LSWFT was designed using a 3-D CAD package called Autodesk® Inventor

TM

to

prepare the layout of the tester and detail design all the components that needed to be
manufactured. Sizing the components that needed to be purchased or manufactured and
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incorporating the parts into the 3-D CAD model made it easier to design mating parts
and ensure the tester could be assembled with minimal hassles and more importantly
verify the operation of the LSWFT. The author conducted the initial design and layout
of the LSWFT, and Mills (2009) completed the final detailing and 2-D manufacturing
drawings located in Appendix B (see Figure B.1 through B.5) in consultation with the
author.

8.4.1

Principal operation of LSWFT

The LSWFT was designed with several assemblies that are bolted together to allow the
machine to be easily manufactured and assembled in the University workshop as well as
reduce the cost of manufacture. The bolted connections allowed components to be
finely adjusted and aligned during commissioning as well as adding adaptability to the
LSWFT to use smaller shear cells and various thickness wall samples. The main
assemblies of the LSWFT shown in Figure 8.3 are as follows:

1. main support structure made from universal beams and columns;
2. table support assembly made from two universal columns;
3. table or carriage that bolts onto a set of linear bearings and secures the wall
sample;
4. linear drive support that the linear actuator and servo motor are bolted on;
5. pneumatic support assembly, which houses the pneumatic cylinder;
6. restraining arm assembly;
7. shear cell, which consists of the shear ring and cover; and
8. control panel, which contains all the electrical equipment and buttons to operate
the LSWFT.

The LSWFT has been designed to be as rigid as possible with the use of high strength
steel sections and plates and bracing to minimise deflection and potential misalignment
of critical force measuring components. The LSWFT was designed and built around the
table that the wall sample is clamped onto using toggle clamps that translates on a set of
precision linear bearings. The shear cell is held stationary by a “V” shaped restraining
arm that is bolted to the pneumatic support assembly, which houses the pneumatic
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cylinder that applies the normal force Fn through a load cell on top of the shear cell. A
roller screw linear actuator driven by a servo motor shears the table and wall sample
under the shear cell full of consolidated bulk material at a constant controlled rate where
a load cell is connected between the linear actuator and the table in line with the shear
plane to measure the shear force. The direction of shear is bi-directional by simply
repositioning the restraining arm on the opposite side of the pneumatic support
assembly as can be seen in Figure 8.4. Figure 8.4 illustrates the principle operation of
the LSWFT where the schematic has been simplified to improve clarity. A PLC has
been utilised to control and operate all the pneumatic and electrical components on the
LSWFT where parameters can be monitored and changed on-line through an Ethernet
connection to a computer installed with PLC programming software. To further clarify
the functionality of the LSWFT, Sections 8.4.2 through 8.4.5 provide additional
specifications and details of the critical components which govern the accuracy and
error of the LSWFT.

To determine the kinematic angle of wall friction, according to Equation 2.75, the total
normal force Fn,t above the shear plane is required where the normal wall stress is
calculated by the addition of the normal force Fn applied to the cover plus the
gravitational force of the mass of the cover, ring and bulk material as explicated by
Equation 2.76.
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Figure 8.3 General arrangement of the LSWFT
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Figure 8.4 Schematic of the principle operation of the LSWFT

8.4.2

Final design of the normal force application

The design of the method to apply the normal force onto the shear cell is very similar to
the prototype discussed in Section 8.3; however improvements were made to the
electrical components and PLC program to increase the accuracy and robustness of the
force output of the pneumatic cylinder. Figure 8.5 shows the arrangement of the
instrumentation to record and control the normal force applied to the load cell in contact
with the shear cell. The principle operation of the circuit is the same as described in
Section 8.3 where a PLC is used to control the pressure in the pneumatic cylinder using
an electro-pneumatic regulator and load cell, connected to a load cell transmitter to
provide feedback to the PLC. Table 8.3 contains a list of the main components shown in
Figure 8.5 as well as several key specifications of the components where the
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information has been referenced from product catalogues or manuals unless noted
otherwise.
Table 8.3 Specifications of the components in the normal force application system
Component
Brand and model
Specifications
number
PLC
Allen-Bradley
• 10 digital inputs
MicroLogixTM 1100
1763-L16DWD

• 6 relay digital outputs
• Inbuilt PID function

Analogue

Allen-Bradley

• 2 analogue inputs

expansion

MicroLogixTM

• 2 analogue outputs

module

Analogue Input/Output
module
1762-IF20F2

• Normal voltage range: 0 to 10V DC
• Normal current range: 4 to 20mA
• Repeatability: ± 0.1%
• Input overall accuracy: ±0.3% full scale at
25°C
• Input non-linearity: ±0.1% full scale
• Output overall accuracy: ±0.5% full scale
at 25°C
• Output non-linearity: < ±0.5% full scale

Electro-

SMC ITV0050-0BS

• Pressure range: 0 to 0.9 MPa

pneumatic

• Input signal: 4 to 20mA

regulator

• Maximum flow rate at 0.6 MPa: 6 L min-1
• Non-linearity: ±1% full scale
• Sensitivity: < 0.2% full scale
• Pipe connection diameter: 4 mm

Load cell

Vishay-Nobel AST 3P

transmitter

Load cell transmitter

• Output signal: 0 to 10V DC
• Input signal: ±3.3 mV/V
• Non-linearity: < 0.005% of used range
• Zero drift: < 0.04 µV/°C
• Gain drift: < 0.0015% of full scale
• Resolution: 0.005 kg
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Normal force

Vishay-Revere Ring

load cell

Torsion load cell

• Capacity: 250 kg
• Combined error: -0.0177 % full scale1
• Output: 1.6674 mV/V1
• Material: Stainless steel

Data logger

dataTaker® DT80
(Thermo Fisher
Scientific Australia Pty
Ltd 2009a)

• 5 analogue inputs
• 4 wire bridge sensor for load cells
• Voltage full scale: ±30V DC
• Current bridge excitation: 2.5mA
• Maximum sampling rate: 25 Hz
• Non-linearity: 0.01% full scale
• Accuracy of voltage measurement: 0.1%
full scale
• Accuracy of current measurement: 0.15%
full scale

Pneumatic
cylinder

SMC CA2F100-200

• Bore diameter: 100 mm
• Stroke: 200 mm
• Maximum pressure 1 MPa
• Rod side flange mounting
• Air cushions

1

Data from supplied compliance certificate
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Figure 8.5 Schematic of the pneumatic system instrumentation to apply normal force
The final pneumatic circuit was improved and simplified from the original prototype
system, which contained 240V 5/3 directional control valves that required a minimum
of 100 kPa to operate. For safety and simplicity reasons 240V components were
undesirable. Valves that required a minimum pressure to operate were also not ideal as
they limit the functionality of the pneumatic circuit. For example, if a valve is placed
down stream of a regulator, the valve would not open or close until it was pressurised to
a minimum pressure, which could cause erratic and unsafe movement in the pneumatic
cylinder and create potential control issues. Figure 8.6 shows a diagram of the layout of
the pneumatic system and the instrumentation to control the position and pressure of the
pneumatic cylinder. A fail-safe system has been implemented using 3/2-way solenoid
valves that are normally closed and do not require a minimum pressure to operate. The
PLC controls the operation of the solenoid valves through 24V DC digital outputs as
shown on the electrical diagram in Appendix B (see Figure B.7). However, if power is
lost to the LSWFT or the emergency stop button is enabled, all valves close and the
cylinder is vented. A back pressure of 100 kPa in the rod end of the cylinder was found
to be sufficient to obtain zero force on top of the shear cell and provide adequate
resistance in the control loop.
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Figure 8.6 Schematic of the pneumatic circuit and instrumentation

8.4.2.1 Modification to the design of the normal force load cell

One of the most critical components and instrumentation in the normal force application
system is the load cell, which converts strain or force exerted into an electrical signal.
The original design of the load cell arrangement shown in Figure 8.7 and the
engineering drawings in Appendix B (see Figure B.1 and B.4) consists of a low profile
mini disk load cell that is bolted to the pneumatic rod using an adaptor. The low profile
mini disk load cell is compact and consists of a rounded button that pushes against the
stiff shear cell cover, as illustrated in Figure 8.7, and allows the cover to pivot and be
easily removed. During trial tests and the original commissioning of the LSWFT, using
bulk materials on wall samples with high wall friction angles, the amount of shear force
present at the point of contact of the load cell and the cover was higher than anticipated.
Tests were conducted using the setup shown later in Figure 8.22 to measure the shear
force at two different locations to compare results and the measuring technique by
installing a shear beam type load cell directly in contact with the shear cell. When
highly frictional bulk materials were tested there was a significant difference of the
measured shear forces and wall yield loci between the two load cells indicating that
there was a serious problem with the original selection of the normal force load cell and
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assembly arrangement. There was also difficulty controlling the normal force and PI
controller due to noise and fluctuations of the signal from the load cell.

The shear cell was designed according to specifications in the SSTT where the
recommended cover diameter is 98 percent of the ring I.D., which results in a 3 mm gap
around the cover. During trial tests using highly frictional bulk materials, the cover was
observed to slip on top of the bulk material and under the load cell button until the cover
touched the ring.

Figure 8.7 Comparison of the original and revised normal force load cell assembly
To rectify the potential errors caused by the cover slipping and the fluctuation of the
normal force load cell, a set of shims or spacers were placed between the cover and ring
as shown in Figure 8.8 to help transfer the shear force from the cover to the ring and
restraining arm. When the spacers are used the quantity of bulk material in the shear cell
is marginally reduced so the cover is flush with the top of ring once the ring has been
lifted to prevent the cover slipping over the ring. The spacers did prevent the cover from
slipping during wall friction tests. However, there was negligible improvement on the
normal force control system as there was still a friction connection between the cover
and the load cell button, which would transfer a degree of shear force when a normal
force was present. The disk load cell was removed from the LSWFT and weights were
placed on a flat steel bar on top of the load cell button where the steel bar was pulled
and pushed by hand. When the steel bar was pulled or pushed while the load cell was
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under compression loading there was an intolerable degree of drift in the signal and
force, which either increased or decreased depending on the orientation of the strain
gauges in the load cell. Therefore, the low profile mini disk load cell was too sensitive
to shear forces and reduced the confidence that the measured normal compressive force
was true. If the actual normal force was higher or lower than the recorded force, this
error would directly affect the measured WYL during post processing and place
unnecessary noise into the PI controller.

Figure 8.8 Schematic of the restraining arm and spacers between the shear cell cover
and ring
To increase the accuracy of the normal compressive force measurement, an alternative
load cell was purchased and a better coupling technique between the load cell and the
cover was designed and installed as shown in Figure 8.7. As illustrated in Figure 8.7,
the mini disk load cell was replaced by a torsion ring load cell (RLC) and a ball bearing
has been attached to the load cell to create a roller connection between the load cell and
the cover. Engineering drawings of the modified load cell assembly are provided in
Appendix B (see Figure B.6). Although the low profile RLC is bigger than the mini disk
load cell, the RLC is uniquely designed for compression loading and can handle side
loading due the ring-shaped design of the load cell and strain gauge arrangement.
Therefore the RLC is a high performance instrument, which is more suitable for the
application on the LSWFT. Specifications of the load cell are listed in Table 8.3. The
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ball bearing has been incorporated into the design to eliminate the shear force at the
RLC. Once the RLC and ball bearing were installed on the LSWFT, there was a
significant improvement in the control of the normal force via the PI controller and the
precision of the RLC was superior to the mini disk load cell in regards to linearity and
repeatability. Section 8.4.2.2 provides further details of the tuning on the PI controller
using the revised normal load cell design with the RLC and ball bearing. Section 8.6.3
provides further examination of the improved correlation of the shear force
measurements using shear load cell A and B in Figure 8.22 and the revised normal force
load cell design.

8.4.2.2 Tuning of the PI controller

The force exerted by the pneumatic cylinder is controlled by the PI controller features in
the PLC coding program using the signal from the load cell transmitter as feedback to
create a closed-loop system to meet the transient and steady-state requirements. PI
controllers are extensively used in industrial applications and are a generic controller
included in many logical controllers, which was one of the reasons for implementing a
PI controller. Custom control algorithms such as a ramp response that slowly obtains
the steady-state value, can be programmed using PLC ladder programming. However a
lot of time is required to program and test custom algorithms. Trials using a PI
controller in the prototype in Section 8.3 proved that a PI controller was adequate to
achieve quick response times and minimal steady-state error. The proportional-integralderivative (PID) controller transfer function can be expressed as:



1
C ( s ) = K p 1 +
+ Td s  (Ogata 2004, p.567)
 Ti s


(8.1)

where Kp is the proportional gain, Ti is the integral time and Td is the derivative time.
Manipulation of the control parameters will govern the performance and characteristic
of the transient and steady-state response of a system. To increase the response of a
system higher values of Kp are used but excessive Kp can lead to greater error,
instability and oscillation in a system. Larger values of Ti reduce the steady-state error
more quickly but excessive Ti can lead to greater overshoot. Overshoot can be
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decreased by using larger values of Td but the transient response of the system increases
and instability may occur. A PI controller was discovered by trial-and-error to be the
most suitable controller for the system as it acts as a lag compensator increasing the low
frequency gain and improves steady-state accuracy. Adding derivative gain or
derivative time into the control was observed to increase response time but reduced the
stability of the electro-pneumatic regulator and made the electro-pneumatic regulator
work harder. A small electro-pneumatic regulator with a low flow rate was selected to
provide precise control of the pneumatic cylinder instead of a high flow regulator,
which could reduce response time but would be difficult to control over shoot and
steady-state error.

To tune the PI controller analytically was deemed to be complicated as a mathematical
model cannot be easily obtained. An easier and more accurate method was to manually
tune the PI controller on-line using the second method Ziegler-Nichols rules (Ogata
2004, p.568), which has proven to be a reliable method in industry. To tune the PI
controller for optimum performance, the tuning process was conducted while a wall
friction test was being carried out. Dry TGB with a particle size less than 16 mm and
stainless steel 304 grade with a 2B surface finish (SS 304-2B) were selected as the test
product and wall sample respectively. TGB is a reasonably frictional product on SS
304-2B and previously displayed difficulty during trial tests on the LSWFT to maintain
a stable normal force on the shear cell. The PI controller tuning was conducted by
placing the TGB into the shear cell and consolidating the product. Once the product was
prepared and the shear cell was restrained as shown in Figure 8.4, the shear cell was
sheared at a constant rate of 2.54 mm min-1, where normal load on the cell shear was
reduced from 150 to 10 kg at various increments as shown in Figure 8.9. To compare
the LSWFT results to the standard JST where WYL’s are typically measured up to
approximately 15 kPa, the maximum normal pressure on the LSWFT for the work in
this thesis was standardised to not exceed 15 kPa, which is approximately 110 kg.
Therefore, more normal loads between 100 and 10 kg were selected to determine
suitable values of Kp and Ti for the PI controller.
Ziegler-Nichols tuning rules are based on determining the critical gain Kcr and critical
period Pcr of the pneumatic system by setting Ti = ∞ and Td = 0 to determine values of
Kp and Ti as follows:
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K p = 0.45 K cr

Ti =

(8.2)

Pcr
1.2

(8.3)

A dataTaker DT80 data logger with DeLogger software was connected to the load cell
transmitter to record the behaviour of the torsion ring load cell as Kp in the PID
controller was manually altered to find Kcr and Pcr, where instability and oscillation
occurs. Figure 8.9 shows the calculated Kp and Ti for the pneumatic system for various
normal loads and the linear line of best fit. Figure 8.9(a) shows that Kp is dependent on
the normal load where the square of the correlation coefficient R2 value is 0.563. Figure
8.9(b) shows that Ti is relatively constant for all normal loads with two points at 10 and
100 kg not fitting close to the line of best fit as indicated by the R2 value of 0.0243.
Although the lines of best fit in Figure 8.9 do not fit the data points with a high degree
of reliability, further testing of the equations of the lines of best fit proved to be reliable
to govern Kp and Ti in the PI controller. A simple algorithm was developed to input an
appropriate value of Kp and Ti in the PI controller based on the current normal load set
point to make the system adaptive instead of just using one set of values for Kp and Ti,
which would result in an unstable control system.
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Figure 8.9 Closed-loop tuning - (a) Kp, (b) Ti for PI controller
To verify the accuracy and stability of the normal force application system using the PI
controller settings determined in Figure 8.9, a series of wall friction tests were
conducted with TGB (d < 16 mm) and wall samples that would create instability or
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oscillation of the normal force control circuit, such as SS 304-2B and Bisplate® 400.
Figure 8.10 shows the measured normal force on the torsional ring load cell while
conducting a wall friction test three times using a “bulk” sample of TGB where the
particle size was less than 16 mm on SS 304-2B. During the trial tests, the normal force
Fn was increased from 0 to 981 N (100 kg) and the force was decreased at intervals of
98.1 N (10 kg) when initial steady-state shear stress occurred and at approximately 20
seconds intervals when Fn ≤ 882.9 N. The normal force was measured at a rate of 4 Hz
on the dataTaker DT80. Figure 8.10 only shows the measured normal force between
approximately 882.9 and 0 N (σw10 to σw1) as the initial period where shear occurs as the
normal force was increased from 0 to 981 N or the initial maximum normal stress (σw11)
is ignored when evaluating the kinematic wall friction angle as specified in the SSTT
and as shown in Figures 2.22 through 2.24.

Figure 8.10 shows that the tuned PI controller and pneumatic system can accurately
regulate the pressure and force on the pneumatic cylinder rod with minimal undershoot
and overshoot when the set force was changed under a unit-step function. There was
negligible oscillation of the normal force due to unsteady shear at the shear plane as
shown in Figure 8.10 and the repeatability of the system is excellent. As the normal
force was simultaneously recorded with the shear force, the average measured normal
force was used in subsequent calculations of the wall friction angle so small oscillations
will have negligible influence on the measured wall friction angle. The PLC was also
observed to be marginally non-linear when setting the normal force set point below a
normal load of 40 kg where a set value of 30, 20 and 10 kg resulted with an average
output value of 29.975, 19.954 and 9.924 kg, respectively, which was not a major
concern as the measured normal force was used for calculation of the wall friction
angle.
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Figure 8.10 Sample of normal force output from final design of LSWFT decreasing
from ≈ 882.9 to 0 N with ≈ 98.1 N increments - bulk material: TGB (d<16 mm), wall
sample: SS 304-2B
The average error of the normal force during steady-state shear from the three repeated
wall friction tests in Figure 8.10 have been evaluated and can be reviewed in Figure
8.11. The error has been calculated based on the average value for each steady-state
region, where the percent error increases as the normal force decreases to a maximum
value of 0.355 percent at 9.924 kg. At zero force the pneumatic rod retracts off the shear
cell so there was no force present and zero error. The overall maximum deviation of the
normal force during the steady-state periods in Figure 8.10 for the three repeated wall
friction tests was 0.372 kg which is equivalent to 0.052 kPa on the 300 I.D. shear cell or
0.148 percent of the full scale output of the torsion ring load cell. The average of the
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maximum deviations during each steady-state period for the three tests was 0.245 kg,
which is equivalent to 0.034 kPa on the 300 I.D. shear cell or 0.098 percent of the full
scale output of the torsion ring load cell. Comparing the latter results to the initial trials
with the prototype in Section 8.3, the normal force application system has been
noticeably improved in regards to stability and steady-state error due to the
implementation of a precision load cell, load cell transmitter and enhanced tuning of the
PI controller. The results in Figure 8.2 were not subject to the effects the shearing
motion of the shear cell on the wall sample had on the load cell and pneumatic control
system unlike the results obtained from the final design of the LSWFT. Therefore, it is
expected that if the effects of a shear force were incorporated during the trials that the
deviation and stability of the normal force would have not been as good as the results
presented in Section 8.3.
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Figure 8.11 Average steady-state error of the normal force for the three tests from
Figure 8.10
An objective of the LSWFT was to design and commission the normal force application
with an error less than 0.1 percent of the full scale output of 250 kg, which has been
marginally achieved based on the average maximum deviation. However, the reliability
and accuracy of the normal force application would be dependent on the bulk material,
particle size distribution and the wall sample. The PI controller settings can be adjusted
easily when the PLC is operating on-line to improve the performance of the control
system if necessary where instability can be noticed visually through the instability of
the normal force measurements and audibly by oscillation of the electro-pneumatic
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regulator. The PI controller was only tuned using dry TGB on wall samples of SS 3042B and Bisplate 400 but the latter material combinations were difficult to test on the
LSWFT as the lid would partially lift and compact during shear which was ideal to tune
a robust controller. However, the PI controller values in Figure 8.9 were observed to be
suitable for all the bulk materials and wall sample combinations tested in this thesis.

8.4.3

Restraining arm

The LSWFT was designed around the principle that the shear cell is held stationary
while the wall sample translates under the shear cell. To secure and locate the shear cell,
a specially designed restraining arm assembly was built, which is bolted to the
pneumatic cylinder support assembly as shown in Figures 8.3 and 8.4. The section of
the restraining arm that is in contact with the shear ring was designed with a “V” shape,
where two ball bearings are bolted at the ends of the “V”, as shown in Figure 8.8. The
“V” shape helps centralise the shear cell during the wall friction tests and creates two
points of contact between the ring and restraining arm. The ball bearings have been
placed on the restraining arm to allow the shear cell to float up and down over high and
low sections on the wall sample. The ball bearings also minimise the normal force on
top of the shear cell being transferred to the restraining arm and ensure the normal stress
at the shear plane is true, based on the mass of material over the shear plane and the
normal force on the cover.

8.4.4

Shear drive assembly

The shear strain and measurement of the shear force between the bulk material and wall
sample is the most important aspect of the LSWFT. The mechanical and electrical
system that pushes or pulls the table was designed to be as simple and compact as
possible. The layout of shear drive assembly is shown in Figure 8.3 and 8.12 and
specifications of the main components are listed in Table 8.4, where the information has
been referenced from product catalogues or manuals unless noted otherwise. A servo
motor and drive was selected to drive the linear actuator as servo drives provide a great
ability to control the speed of the servo motor using a resolver as feedback to ensure the
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shear strain rate is constant. The servo drive is connected to the PLC to control the
motor speed and direction instead of using the keypad display. Two externally mounted
magnetic sensing proximity switches are used to define the extents of travel and prevent
the linear actuator overdriving.

Figure 8.12 Shear drive assembly of LSWFT

An inline 10:1 planetary gear set was used to reduce the input angular velocity into the
linear actuator to produce a low translational shear rate of 2.54 mm min-1 while
retaining an acceptable motor speed to control the speed. The SSTT states that the
original shear rate Vs of the JST was 2.69 mm min-1 based on a 50 Hz power supply. A
shear rate of 2.54 mm min-1 was selected based on a linear actuator lead of 2.54 mm and
measurement of the average shear rate of the JST at the University of Wollongong used
for this study between 2.3 and 2.45 mm min-1. As the JST has a shear rate lower than
2.69 mm min-1, a shear rate of 2.54 mm min-1 was considered to be acceptable and
simpler to set on the LSWFT. Based on a shear rate of 2.54 mm min-1, the required
motor speed is 10 rpm with the 10:1 gear reduction, which is low for precision control
using a resolver, however the PID parameters in the servo drive were tuned manually
for a motor speed below 400 rpm and the acceleration profile was adjusted to achieve
optimum performance. An inline gear set with a bigger gear reduction was considered to
increase the operating speed of the servo motor and accuracy of the shear rate but the
performance of the current arrangement was deemed acceptable. A gear set with a larger
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gear ratio would have a rated output torque, which is much greater than the input torque
rating on a linear actuator and could potentially damage the actuator.

Table 8.4 Specifications of the components in the shear drive assembly
Component
Brand and Model
Specifications
Number
Linear
Exlar I Series Linear
• 150 mm stroke
actuator

Actuator IM20-0601NA-G10-BD2-L2

• 2.54 mm lead
• 10:1 inline planetary gearing
• 2 external NC limit switches
• Peak force: 4920 N
• Recommended continuous force: 2571 N

Servo motor

Baldor Servo Motor
BSM50N-175AA
Resolver

Servo drive

Baldor VS1SD2A3-1B

• Continuous stall torque: 0.45 N.m
• Peak torque: 1.8 N.m
• Peak current: 1.8A
• Keypad display
• 17 selectable operating modes
• Analogue input 0 to 10V DC
• Adaptive tuning
• Speed/torque control
• Continuous output current: 3.2A
• Peak output current: 6.4A

Shear force

PT-Global

load cell

PT4000 S-type Load
Cell

• Capacity: 200 kg
• Tension and compression loading
• Combined error: <0.023 % full scale2
• Non-linearity: <0.017 % full scale2
• Output: 3.001 mV/V2
• Material: Alloy tool steel

Linear

THK

• End, side and inner dust seals

bearings

Block: SHS20LC1SS

• Seal resistance per block: 7 N

Rail: SHS20

• Static load rating: 50.3 kN
• Dynamic load rating: 28.1 kN

2

Data from supplied compliance certificate
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A precise constant shear rate on the LSWFT was deemed not to be absolutely necessary
as the standard JST, which was used to compare results against the LSWFT did not have
motor speed feedback and consequently the shear rate tends to vary under loading. Mills
(2009) provides further discussion and details regarding the accuracy and tuning of the
shear rate. To examine the actual shear rate, a series of tests were conducted using a dial
indicator and stop watch to calculate the average shear rate over one minute under no
load and load conditions while pushing the table. The results of this investigation are
summarised in Table 8.5. The load on the linear actuator was applied by placing 60 kg
of weights constrained by the restraining arm on top of a mild steel plate and shearing
weights over the mild steel plate.

Table 8.5 shows that under no load conditions the measured shear rate was very
consistent and close to the input shear rate of 2.54 mm min-1. Under loaded conditions
there was a small degree of variation between the measured shear rate due to the
variation of the shear force, which causes the servo drive to rectify the error but results
in a slightly smaller shear rate compared to no load conditions. Visual observation of
the rate of displacement by monitoring the needle on the dial indicator showed that the
shear rate was very smooth and constant. Encoder feedback on the servo motor would
improve the control of the motor speed at very low angular velocities but encoder
feedback on the Baldor servo motor BSM50N-175 is not standard and would require a
custom made motor that would take months to deliver and potentially delay the
construction and commissioning of the LSWFT. The current drive components and
setup was adequate and no further improvements were made.

Table 8.5 Summary of the measured shear rate of the linear actuator
Test No
Load or No
Shear rate
Average
-1
load
(mm min )
shear rate
(mm min-1)
1
No load
2.56
2.55
2
No load
2.56
3
No load
2.55
4
Load
2.52
2.5
5
Load
2.49
6
Load
2.5
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The table used to secure the wall samples is supported by linear rails that are bolted to
the table support assembly. A major concern with using the linear rails was the potential
for dust and bulk material to fall onto them and create extra force resistance when
pushing or pulling the table. To prevent dust and product entering the linear blocks, dust
seals were installed on the blocks and the table was designed with raised sides on the
front and back to prevent loose material falling onto the bearings. The linear bearings
were designed to be much longer than the stroke on the linear actuator to allow the table
to be un-pinned from the actuator and slid out under the pneumatic support assembly.
This would enable the loading and unloading of the shear cell or wall sample and make
it possible to conduct maintenance to the linear bearings as shown in Figure 8.3. An Stype load cell connected to the dataTaker DT80 is coupled between the linear actuator
and table as shown in Figure 8.12 to measure the force to push or pull the table where
the specifications of the load cell are listed in Table 8.4. As the linear bearings are
attached to the table, a small force is required to overcome the resistance of the seals in
the block once the bearings are lubricated. Therefore, the S-type load cell measures the
total shear force Fs,t that can be expressed as:

Fs ,t = Fs + Fs ,brg

(8.4)

where Fs is the shear force between the bulk material and wall sample and Fs,brg is the
linear bearing resistance force. For the selected blocks the specified seal resistance is
7 N per block or 28 N in total for the four blocks as specified by the manufacturers of
the bearings (see Table 8.4). The precision of assembly of the linear bearings influences
the bearing resistance. Care was taken when assembling the linear bearings and a great
deal of time was spent to obtain the least resistance in the bearings using dial indicators
to precisely align the linear rails. To obtain the least resistance, thin spacers were placed
between some of the blocks and table to level the table. The bolts on two of the blocks
on one side of the table were only lightly tightened while the other two blocks were
heavily tightened.

Figure 8.13 shows the measured shear force Fs,brg to push the table at a constant rate of
2.54 mm min-1 subject to a normal load between 100 and 0 kg. The normal load was
applied by extending the pneumatic rod so the ball bearing on the RLC was in contact
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with the table surface and the normal force was decreased monotonically from 100 kg in
10 kg increments at 50 second intervals. This was repeated four times and data was
recorded at 4 Hz. The tests were conducted without retracting the table to its origin to
best replicate the actual wall friction test procedure and examine the bearing resistance
over a long stroke. Figure 8.13 shows the average minimum force to push the table is
36.31 N, which is close to the approximated 28 N from the manufacturer’s
specifications but also shows that the shear force is marginally dependent on the normal
load. When the normal force is steady, there is a degree of fluctuation in the measured
shear force as the table travels along the linear rails as signified by the R2 value of 0.52,
which is more prominent at higher normal loads and specific regions of the stroke, such
as when the normal load was at 70 kg on Test 2. Although much attention and time was
spent assembling the linear bearings to ensure the bearing resistance was minimal, there
were small sections along the rails where the resistance increased due to the machining
of the linear rail supports. However, as shown in Figure 8.13, the occurrence and
magnitude of the fluctuations was minor so no further adjustments were made to the
linear bearings as adjusting the tension on the blocks and rails was sensitive (i.e. could
easily make the bearing resistance worse).

One factor that is not considered in Figure 8.13 is the rolling resistance in the ball
bearing attached to the RLC, which will have a minor contribution to the total shear
force measured to push the table. Based on the average shear force between a normal
load of 0 and 100 kg there is approximately a 7 N difference, which equates to
approximately 0.1 kPa on a 300 I.D. shear cell. Figure 8.13 also shows the deviation of
the shear force is generally within 4 N of the average line of best fit, which is
approximately 0.057 kPa on a 300 I.D. shear cell. Further discussion on the linear
bearing friction and the technique used to calculate the true shear force at the shear
plane is provided in Section 8.6.3.
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Shear Force (N)
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Figure 8.13 Measured shear force Fs,brg to push table at 2.54 mm min-1 with a normal
mass between 100 and 0 kg

8.4.5

Operating system and PLC

The operation of the LSWFT is simple using several buttons and switches and a PLC
interface. Figure 8.14 shows the arrangement of the front of the control panel and inside
the control panel enclosure, which contains all the essential electrical and pneumatic
instrumentation. Besides the main power isolation switch, all the switches are directly
connected to the PLC as digital inputs. Using RSLogixTM 500 from Rockwell Software,
a PLC ladder logic program was written to control the operation of the LSWFT. The
functions of the PLC included the following:
•

initialise the LSWFT and ensure parameters and inputs are correctly set to
operate the LSWFT safely;

•

control the operation of the pneumatic cylinder using solenoid valves;

•

apply a pre-consolidation force to the shear cell;

•

control the normal force of the pneumatic cylinder via a PI controller;

•

set the maximum normal force and desired normal force test settings during a
wall friction test and change the normal force when required;
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•

control the motor speed and direction during testing, setup and calibration
routines;

•

automate the LSWFT where possible; and

•

stop the servo motor and shut off the air supply to the pneumatic cylinder if a
stop or emergency stop button is pressed.

(a)

(b)

Figure 8.14 Control panel of the LSWFT - (a) front, (b) internal
There were several predefined processes used to operate the LSWFT as shown by the
flowchart in Figure 8.15, which has been used to develop the ladder logic program. The
ladder logic code was developed for safe operation and to prevent damage to the
LSWFT by programming specific conditions for operations, such as the pneumatic rod
had to be retracted for the servo drive to be enabled. When the LSWFT is turned on, the
main 4-position switch had to be set to ‘Manual’ operation, which disables all outputs to
ensure the machine is safe to start. Once the tester is operational, the tester can be
operate in ‘General Operation’ or ‘Calibrate’, which only allows the table to be pushed
or pulled under continuous operation. Under ‘General Operation’ there are four
operating modes which are available using the 4-position switch to select the required
model. The ‘Retract’ operation simply retracts the pneumatic rod and allows the table to
be jogged to correctly position the shear cell on the wall sample. The ‘Manual’ mode
disables all outputs, allowing the pneumatic rod to be safely pulled down on top of the
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shear cell to position the RLC and the cover. The ‘Consolidate’ routine allows the
normal force to be increased to a specified consolidation force to help compact the bulk
material in the shear cell using a momentary closed switch. The main operating mode is
the ‘Auto’ routine, which is used to conduct wall friction tests that control and manage
the shear drive assembly and the normal force application on the shear cell. The ‘Auto’
routine can be used manually where the normal force can be changed manually or the
process can be semi-automated where timers automatically reduce the normal force.
Once the ‘Auto’ routine is complete the LSWFT has to be initialised again to continue
testing.

Figure 8.15 Flow chart of the basic operation of the LSWFT
The PLC ladder logic program is provided in Appendix C (see Figure C.1 through C.8)
and the details of the variables and memory addresses (see Table C.2) are also provided
to understand the functionality of the code. The PLC is connected to a computer
equipped with RSLogix 500 using an Ethernet connection to operate the PLC on-line,
which enables the program variables to be “updated on the fly” using the detailed
interface shown in Figure 8.16.
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Figure 8.16 Screen shot of main interface used in RSLogix 500 to adjust PLC
parameters

8. 5 Test procedure
The test procedure adopted for the LSWFT is very similar to the procedure outlined in
the SSTT and ASTM standard D 6128-06. The surfaces of the wall materials were
cleaned using a damp cloth with water and dried using tissue paper. The wall surfaces
were “conditioned” prior to testing by rubbing the bulk material onto the surface by
hand and secured to the table. Previous research (Pillai et al. 2007; Bradley and Berry
2009) has shown that the highest wall friction angles are measured once at least 10 m
worth of rubbing/sliding the bulk material against the wall surface has been preformed.
However, with the arrangement of the JST and LSWFT, conducting the latter
“conditioning” would be extremely time consuming so the SSTT procedure was
followed where possible.

The ring was placed on the wall sample and positioned concentric to the pneumatic
cylinder rod and the restraining arm was adjusted accordingly so the ball bearings are
touching the ring. The restraining arm was also positioned vertically so the ball bearings
were between half to two-thirds up the side of the ring. The bulk material was prepared
and placed into the ring using a mould ring and the material was carefully compacted by
hand using a large scoop and twisting the cover. The mould ring was removed and
excess material was scrapped off the top of the shear cell so the material level was just
below the top of the ring. The cover was then placed on top of the bulk material and the
RLC put on top of the cover where the material was consolidated using the
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‘Consolidate’ mode on the PLC. Once the material was consolidated, the spacers were
placed between the cover and ring as illustrated in Figure 8.8 and the PLC program
variables for wall friction testing are set.

The PLC was placed into ‘Auto’ mode and the table, after a short delay, starts to
translate and the normal force increases to the specified maximum load once the ‘Step
Down’ button was pressed to initialise the process. The dataTaker DT80 and DeLogger
software was used to monitor and record the normal and shear forces at a logging rate of
4 Hz. Once the maximum normal force was applied to the shear cell, the ring was
slightly lifted by twisting and lifting the ring to ensure there was no contact between the
ring and wall material similar to the SSTT procedure. Typically, the horizontal pressure
exerted by the bulk material on the ring was sufficient to support the shear ring and
prevent the ring from contacting the wall sample. When the shear force reaches steadystate conditions, the normal force was reduced stepwise by a specified amount where
this procedure was repeated until the LSWFT stops once the self weight of the shear cell
was sheared. The change of the normal force can be automated using a timer or
manually reduced at the operator’s discretion once sufficient steady-state shear has
occurred using the ‘Step Down’ button. The ‘Auto’ mode or test procedure was repeated
until the results become relatively consistent or once a sufficient number of tests have
been completed to average the results if the material does not offer repeatable results.
When testing was complete the shear cell was removed from the LSWFT and weighed,
which consists of the ring, cover and bulk material. The weight of the ring and shear
cover was 1.545 kg and 2.404 kg respectively. A Microsoft Excel spreadsheet was used
to analyse the recorded normal and shear forces to determine the WYL and kinematic
angle of wall friction using Visual Basic macros to automate the processing. The shear
points on the WYL are determined by averaging the results between two or more tests
which are relatively comparable. A linear regression has been used in this thesis to fit
the WYL to the shear points.

Some of the procedures recommended by the SSTT and ASTM D 6128-06 for the
LSWFT were modified due to limitations of the test rig and to make tests quicker to
perform as well as to achieve consistent results. Some of the key modifications on the
LSWFT test procedure were:
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•

The SSTT and ASTM D 6128-06 recommend that six normal stress levels be
selected where the lowest normal stress was the weight of the shear cell and
cover. For this investigation 11 normal stress levels were selected to obtain more
shear points on the WYL and confidence of the line of best fit. On the LSWFT
the normal force applied to the shear cell ranged between 981 N (σw11) and 0 N
(σw1).

•

The bulk material was poured into the shear ring using a mould ring and levelled
off. As it was not possible to easily apply a high normal force onto the shear cell
cover and twist the cover until the sample was homogenised, the cover was
twisted by hand with a small amount of normal force (applied by hand) and then
the bulk material was compressed with 28 kPa of normal pressure. It was
observed that generally the first shear point would take longer to reach steadystate conditions as the bulk material consolidated.

•

Once a test run was complete and the shear points from the maximum to the
lowest normal pressures were measured, the table was not retracted and the
shear cell pushed back according to the SSTT. Instead the table was slightly
retracted to relieve the shear force back to zero and another test was
commenced, where the procedure was repeated until consistent shear points
were measured. It was observed that pushing back the shear cell full of material
was difficult without unconsolidating the sample. When the sample became
unconsolidated it generally took longer to obtain steady-state shear once
shearing had commenced and made it difficult to achieve repeatable results.

8. 6 Commissioning and calibration
Once the final engineering drawings were complete, components were either purchased
or manufactured. A lot of the steel components were laser cut and fabricated in the
workshop at the University of Wollongong and the table support assembly was sent to
an external company for precision machining. During this period the PLC ladder logic
program was developed as much as possible without instrumentation setup. When
components were manufactured or delivered, parts that needed to be protected from
corrosion were painted and the LSWFT was assembled as shown by the finished
product in Figure 8.17.
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A time consuming stage of developing the LSWFT was wiring up the control panel and
instrumentation, commissioning the PLC and adjusting the linear bearings and shear
drive assembly. There were several issues and bugs discovered when commissioning the
PLC and control panel detailed by Mills (2009), that were resolved by modifying the
ladder logic code or reconfiguration of the wiring diagram. Numerous trial wall friction
tests were conducted using river sand, run-off mine (ROM) coal and polyethylene
pellets to commission the LSWFT and finely tune the LSWFT. One of the concerns of
the tester was the selection and arrangement of the normal force load cell, which was
previously discussed and rectified in Section 8.4.2.1. The analogue I/O module on the
PLC was discovered to be marginally non-linear at low voltage and current signals
where there was a minor error between the set and actual normal force as discussed in
Section 8.4.2.2. Due to the same issue a set value of 2.18 mm min-1 (see Figure 8.16)
was required to achieve a shear rate of approximately 2.54 mm min-1 but was not an
issue when a shear rate greater than 5 mm min-1 is required.

Figure 8.17 Final design of the LSWFT
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8.6.1

Calibration of the normal and shear force load cells

The LSWFT uses two load cells to convert the normal and shear force into an electrical
signal, which is recorded using a dataTaker DT80 with DeLogger software. The load
cells were calibrated using the load cell compliance certificate or dead weights to
determine a conversion factor. The RLC is connected to the Vishay-Nobel AST 3P load
cell transmitter, which is a highly precise system that provides a 0 to 10V DC output
signal for the load full scale output of 250 kg. The RLC was calibrated with the
provided output calibration factor in Table 8.4, which was supplied with the load cell
and entered into the AST 3P. The RLC was checked by adding dead weights onto a
hanger and verifying the reading on the AST 3P display panel as shown in Figure 8.18.

(b) Zero reading

(a)

(c) 40 kg reading

Figure 8.18 Verification of RLC calibration factor – (a) 40 kg on hanger, (b) AST 3P
reading with hanger only and (c) 40 kg on hanger
The shear force load cell (PT 4000) was calibrated using dead weights in a similar
arrangement shown in Figure 8.18, where the load cell was directly connected to the
dataTaker DT80 using a current bridge configuration with an excitation of 2.5mA.
Figure 8.19 shows the measured relationship between the mass applied to the load cell
and the recorded parts per million (ppm) (Thermo Fisher Scientific Australia Pty Ltd
2009a). Due to safety concerns only 35 kg of mass could be applied to the S-type load
cell, which was considered to be sufficient to determine a calibration factor of kg per
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ppm as the output shown in Figure 8.19 was linear and the load cell was checked for
linearity after manufacture as indicated by the supplied compliance certificate. The
critical information provided in Figure 8.19 is the gradient of the line of best fit as the
zero balance tended to drift and was determined using a zeroing procedure prior to
testing.
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Figure 8.19 Calibration of the shear force load cell

8.6.2

Drift on dataTaker DT80

Load cells are usually precise instruments and the accuracy of a data measuring system
is typically governed by the instrument that acquires the electronic data. As there was a
degree of fluctuation of the measured shear force shown in Figure 8.13, when
examining the seal and block resistance of the linear bearings on the LSWFT, further
investigation of the dataTaker DT80 was undertaken. A series of tests were conducted
on the dataTaker by connecting the PT 4000 S-type load cell to the dataTaker and
applying no load and a load in compression of 10 kg. Data was recorded on dataTaker at
4 Hz over a long period to examine the drift of the steady-state signal. Figure 8.20
shows the recorded force from the PT 4000 load cell under a constant load of 10 kg or
98.1 N, which clearly shows the signal drifts over time. The dataTaker automatically
recalibrates the signal when the internal zero reference drifts more than 4µV, as shown
in Figure 8.20 by the zig-zag shaped signal. There are several causes for the signal drift,
which include ambient temperature fluctuations and degradation of the sensor inputs,
however consultation with the manufacture of the dataTaker proved that the error or
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drift was within the manufacturers specifications. Drift on the dataTaker DT80 is a
known issue and occurs for current bridge configuration and voltage input and is not
dependent on the force or voltage level. Therefore, the normal and shear force load cells
readings will be subject to drift and there will a small degree of error due to drift.
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Figure 8.20 Drift of PT 4000 load cell on dataTaker DT80 - Fn = 98.1N (10 kg), drift
before auto recalibration: 4µV
Figure 8.20 shows that the signal increases over time where the approximate amount of
drift is about 3 ppm or 1.5 N, which equates to 0.076 percent of the full scale output of
the PT 4000 load cell. When the limit of drift before recalibration was reduced from 4 to
2µV, the amount of drift was reduced to approximately to 2 ppm or 1 N as shown in
Figure 8.21. By reducing the amount of tolerable drift to 2µV the amount of drift or
error can be reduced to 0.051 percent of the full scale output of the PT 4000 load cell.
The amount of tolerable drift on the dataTaker DT80 was reduced and set to 2µV for all
the test work on the LSWFT to minimise the error. Reducing the limit before
recalibration below 2µV resulted in the dataTaker recalibrating too often where data
would be missed during the recalibration period and instability of the dataTaker.
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Figure 8.21 Drift of PT 4000 load cell on dataTaker DT80 - Fn = 98.1N (10 kg), drift
before auto recalibration: 2µV

8.6.3

Calibration of the linear bearings resistance and validation of shear force
measuring technique

Due to the resistance in the linear bearings when the table was pushed or pulled, a
logical method was required to determine and validate the amount of force required to
overcome the bearing resistance Fs,brg. One method to calibrate the LSWFT was to find
a good homogeneous bulk material which would be an ideal material to test on the JST
and tune the LSWFT. However, it was very difficult to accurately reproduce measured
properties when testing bulk materials due to the nature of flow property testing and
operator variation. Using the JST and a calibration bulk material and wall sample was
thought to be too unreliable and defeated the purpose of the LSWFT to investigate any
scale effects of the particle size and ring size if the intention was to match the JST and
LSWFT results.

As the normal force application assembly consists of a ball bearing attached to the RLC,
negligible or zero shear force should be transferred to the RLC. Figure 8.22 shows a
schematic of a bolt-on apparatus manufactured to measure the shear force from the
shear ring to the restraining assembly. Item ② or shear load cell B in Figure 8.22 is a
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Kelba 125 kg shear beam type load cell and has a ball bearing attached to the load cell
by a threaded rod to adjust the clearance between the ball bearing and the ring to create
a roller connection. Shear load cell B was connected to another channel on the
dataTaker DT80 with an identical configuration to the PT 4000 S-type load cell (item

① in Figure 8.22) and calibrated using dead weights in a similar manner shown in
Figure 8.18, where the calibration factor is 19.2315 ppm kg-1. Measuring Fs at shear
load cell B during a wall friction test provided a reliable method to determine a
correlation of Fn and Fs,brg when evaluating Fs using shear load cell A. Although Fs,brg
was measured in Figure 8.13 using the pneumatic cylinder to apply Fn, further
validation and testing was required to develop a relationship and model between Fn and
Fs,brg with a similar arrangement to test conditions and to compare the results against
Figure 8.13 for differences.

Figure 8.22 Schematic of alternative shear force measuring technique
To remove any operator and bulk material variations from the initial calibration
procedure, the bulk material was replaced with a long flat bar of aluminium and the ball
bearing on shear load cell B was replaced with “V” shaped piece of steel as shown in
Figure 8.23. A long piece of square hollow sections was placed on top of the aluminium
bar to help evenly distribute Fn along the shear plane and shear load cell B was carefully
aligned vertically to ensure there was no contact with the load cell and the sliding
components. A large sheet of thin mild sheel was placed under the aluminium bar and
secured to the table. The average centreline roughness Ra of the aluminium bar and the
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mild steel sheet measured with a handheld roughness tester was 0.505 um and 0.638
um, respectively.

Figure 8.23 Setup of calibration method to determine the relationship between bearing
resistance Fs,brg and the normal force Fn
Using shear load cell A and B (items ① and ② in Figure 8.22), Fs,t and Fs were
measured respectively, while the mild steel sheet was sheared against the aluminium bar
at a rate of 2.54 mm min-1 under a monotonically decreasing normal force from
approximately 1962 to 0 N. Four consecutive tests were conducted consisting of
35 second periods of steady-state shear before Fn was reduced in increments of 196.2 N
to investigate bearing resistance over a long stroke. The table was retracted back to the
origin and the test was conducted again to obtain eight sets of tests in total. The force
measurements from the two different locations were imported into Microsoft Excel to
derive a relationship between Fn and Fs,brg. Using the solver add-in in Excel, a linear
expression for Fs,brg or the zero balance was derived based on the applied Fn. The solver
valuables were iterated to minimise the error between Fs measured at the two different
positions. To improve the efficiency of the solver, Fs,brg at Fn = 0 N was constrained to
36.31 N as measured in Figure 8.13. Figure 8.24 shows a sample of the correlation
between the measured Fs using shear load cell A and B when shearing the aluminium
bar against the mild steel sheet. The derived expression of Fs,brg determined by the
correlation of Fs from shear load cell A and B is:

Fs ,brg = 0.0132 mn + 36.31

(8.5)
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where mn is the normal mass at the shear plane in kilograms, which includes the mass of
the shear cell. The gradient derived in Equation 8.5 (0.0132) is less than the gradient
originally derived in Figure 8.13 (0.07) where the methodology used to originally derive
Fs,brg may have been influenced by the resistance to roll the ball bearing attached to the
RLC across the painted surface of the table. Although Fs,brg has a small dependency on
the normal force applied to the table, Fs,brg is relatively constant and the difference
between the evaluated WYL using a constant Fs,brg or Equation 8.5 is minor.

400
Fn = 1962 N (200 kg)

Shear Load Cell - A
Shear Load Cell - B

350

Shear Force (N)

300
250
200
150
100
50
Fn = 0 N (0 kg)
0
0

500

1000

1500

2000

2500

3000

3500

4000

4500

Data Point

Figure 8.24 Comparison of the adjusted shear force Fs measured from shear load cell A
and the shear force measured from shear load cell B of an aluminium plate sliding on
top of a mild steel sheet - Vs = 2.54 mm min-1, Fn = 1962 to 0 N (196.2 N increments)
Figure 8.25 shows the average measured shear force using shear load cell A and B of
the aluminium bar shearing against the mild steel sheet under various normal forces.
The aim of Figure 8.25 was to examine the linearity of the friction coefficient measured
at the two different locations. The coefficient of friction between the two materials was
relatively low but the correlation and linearity of the yield loci was excellent with
tolerable error. The residual error of the data points from the line of best fit was very
low indicating that there was negligible non-linearity error in the load cells and LSFWT.
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Figure 8.25 Relationship between the average measured normal and shear force of an
aluminium plate sliding on top of a mild steel sheet
To further verify the reliability and accuracy of measuring Fs using the PT 4000 S-type
load cell, a wall friction test was conducted using dry TGB (d<16mm) and SS 304-2B,
as shown in Figure 8.22, to compare the shear force measurement between shear load
cell A and B. Figure 8.26 shows the results of the tests ignoring the initial shear
response (σw11) at the commencement of shear. As the wall friction tests are repeated,
the steady-state shear force decreases with additional tests and then stabilises as the bulk
material was well consolidated. When incorporating Equation 8.5 to calculate the actual
Fs when using shear load cell A, there was a great correlation between Fs irrespective of
the load cell force measurements used over the range of Fn. Using the LSWFT, the
shear-normal force response was ideal with the step-like behaviour, with minimal erratic
behaviour during steady-state shear. This was very difficult to obtain on a JST using the
same bulk material.
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Figure 8.26 Comparison of the adjusted shear force Fs measured from shear load cell A
and the shear force measured from shear load cell B - bulk material: TGB (d<16 mm),
wall sample: SS 304-2B, Vs = 2.54 mm min-1, Fn = 882.9 to 0 N (98.1 N increments)
A final series of tests were conducted to verify the normal force application did not
influence the shear force measurement on the shear beam load cell in contact with the
shear cell directly. Using a custom made hanger shown in Figure 8.27, weights were
suspended on the hanger, which was placed on top of the cover to almost replicate the
standard JST test procedure with a stationary wall sample and translating shear cell. For
this investigation dry TGB (d < 4 mm) and SS 304-2B was used and the pneumatic
cylinder remained retracted to compare the evaluated wall yield loci using Fs measured
from shear load cell A and B.

Figure 8.27 Custom hanger and weights used to apply normal force to shear cell
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Figure 8.28 shows the computed wall yield loci for dry TGB on SS 304-2B conducted
twice with fresh bulk material between tests. Each test was conducted according to the
procedure in Section 8.5 where the TGB was repeatedly sheared from maximum to
minimum normal force until the recorded steady-state shear force became relatively
consistent. Similar to the results in Figure 8.26, Figure 8.28 shows that comparable wall
yield loci can be obtained irrespective of whether Fs is measured using shear load cell A
or B. The TGB was measured when dry and cohesionless, which is indicated by Figure
8.28 by the intersection of the WYL with the origin and a high R2 value indicating a
very good fit of the shear points and WYL. Due to the amount of manual labour
required and OH&S concerns to repeatedly conduct wall friction tests, only a limited
number of experiments were carried out using the hanger to primarily verify the
accuracy of the technique to measure Fs.
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Figure 8.28 Measured WYL using hanger and weights and shear force evaluated from
shear load cell A and B - bulk material: TGB (d<4 mm), wall sample: SS 304-2B,
Vs = 2.54 mm min-1, mw = 70 to 0 kg, mass of hanger = 4.991 kg

8. 7 Discussion
The design and manufacture of the LSWFT provides a wide scope of research to
potentially be performed, such as particle and shear cell size effects, measurement of
cohesion, shear rate effects, the effects wall sample preparation, joints and accessories
used to secure wall materials have on wall friction angles and slip-stick phenomenon.
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The internal shear and adhesive strength of a bulk material is generally dictated by the
proportion of fines where the JST provides more conservative results for a bulk material
consisting of fine and coarse particles. For industrial applications of DEM, often the
fine proportion of the bulk material is not modelled as it is not computationally feasible
to simulate but the influence of the fines is generally incorporated into the DEM
simulations. Thus, the LSWFT also allows the wall friction angles of representative
particle size distributions to be measured up to approximately 30 mm diameter to
determine a suitable range for the static friction between particles and boundaries µs p.w.
Numerous experiments and trials were conducted to commission and verify the
functionality of the LSWFT and the accuracy of the force measurement system. Section
8.4.2 identified a possible problem with the design of the original load cell assembly to
measure the normal force, which was improved using a precision torsion ring load cell
attached to a ball bearing. Using a PI controller to manipulate the electro-pneumatic
regulator and pneumatic cylinder pressure, the normal force application system can
apply a steady force onto the cover as discussed in Section 8.4.2.2. The average steadystate error of the normal force was approximately less than 0.1 percent of the full scale
output of the RLC which meets the desired design specification in Section 8.2.

Due to the setup of the LSWFT in regards to the use of linear bearings to shear the wall
sample and measure the shear between the linear actuator and table, additional
experiments were required to calibrate and validate the shear force measuring system,
which was examined in Section 8.6.3. Although there is a minor fluctuation of the
measured shear force to push the table due to the resistance in the linear bearings, there
is also a small amount of error in dataTaker DT 80 analogue channels of approximately
0.05 percent of the full scale output from signal drift. The repeatability of measurements
appears to be satisfactory with variations between shear points and wall yield loci,
which are also observed on the JST. Using the S-type PT 4000 load cell to measure Fs,t
and Equation 8.5 to evaluate Fs was observed to be the most reliable technique even
though Figures 8.26 and 8.28 show that the latter method and the shear beam load cell
directly in contact with the shear cell are both valid techniques. However, when
conducting several wall friction tests using both shear load cells with fine and coarse
bulk materials, the shear force measurements using shear load cell B tended to vary
depending on the vertical positioning of the restraining contact point on the ring. To
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obtain the best correlation between shear load cell A and B of Fs, the observed ideal
vertical position of shear load cell B was approximately towards two-thirds the height of
ring from the top of the wall sample. Thus, shear load cell B was used initially to verify
the precision of the primary shear force load cell (PT 4000 S-type) and measuring
technique shown in Figure 8.4 but was deemed to be too sensitive for crucial
measurement of Fs for the evaluation of wall friction angles.
After several modifications were made to the LSWFT and control system and the
LSWFT was commissioned, the LSWFT met the initial design requirements and the
expected error of the machine was found to be acceptable for wall friction testing.
Chapter 9 discusses the test work conducted on the LSWFT and compares results from
the LSWFT and JST as well as examining the effects of particle and shear cell size for
cohesionless and cohesive bulk materials. The influence that wall sample properties and
preparation, such as surface roughness, surface material, and manufacturing process has
on wall friction angles is also explored in Chapter 9.
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Chapter 9 - Wall friction measurements

9. 1 Introduction
The interaction of a granular material with boundary materials is one of the most
important factors to consider when using continuum mechanics and DEM to design
reliable mass flow hoppers, chutes, feeders and other equipment where flow is expected
to occur. To compare the wall friction angles measured on the large scale wall friction
tester (LSWFT) and the Jenike shear tester (JST), this chapter examines the correlation
between the testers and investigates the scale-up effects of the upper particle size and
shear cell dimensions. Numerous bulk materials with different properties, such as
particle size distribution, surface asperities, compressibility, particle shape, particle
density and particle hardness have been selected to test on several wall samples with
varying surface roughness and preparation.

One of the objectives of the LSWFT for this thesis was to examine and compare wall
friction measuring techniques for determination of the static friction and cohesion
between particles and boundaries for DEM analysis. The construction of the LSWFT
was to be used concurrently by another research student to thoroughly examine the
particle and shear cell size effects on wall friction angles. Unfortunately the latter
research student could not complete the extensive study to complement the research
presented in this chapter.

This chapter outlines the results from the test work conducted on the JST and LSWFT
and evaluates the measured wall yield loci to compare any differences between the two
machines and evaluate the performance of the LSWFT. The ability of the wall friction
testers to predict cohesion by extrapolating the wall yield locus (WYL) is also evaluated
by testing the bulk materials at different moisture contents to compare measurements.
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9. 2 Bulk materials used for investigation
There are ample types of bulk materials that are stored and handled worldwide that
display desirable and adverse flow characteristics on boundary surfaces, such as transfer
chutes, feeders and bins due to wall friction. Wall friction is a critical parameter in bulk
material handling systems that displays unique and often deceptive behaviour for
particular bulk material and boundary surface combinations requiring further
investigation.

To investigate the scale-up effects of wall friction on the LSWFT it would be ideal to
conduct an extensive examination using a wide range of bulk materials with varying
characteristics but with the limited duration of this thesis, this was not possible. Four
bulk materials were selected for this study, being linear low density polyethylene pellets
(PP), trihydrate grade bauxite (TGB), monohydrate grade bauxite (MGB) and magnetite
concentrate (Mag Conc). These products were selected as they range from free flowing
polyethylene pellets to highly cohesive magnetite concentrate with varying particle size
distributions. Besides from polyethylene pellets, the cohesion and strength of the bulk
materials could be easily altered by adding water to the product to increase the strength
of the liquid bridges between the particles. Polyethylene pellets are a robust product that
have a regular particle shape and do not degrade easily under typical consolidation
stresses below 20 kPa. Polyethylene pellets have a reasonably narrow particle size
distribution with an average particle diameter of 4.55 mm, which is close to the
recommended upper particle size limit that can be tested on the JST. Polyethylene
pellets are easy to homogenise in the shear cell when conducting wall friction tests and
the effect of “conditioning” the wall sample prior to wall friction testing is negligible as
there are no fine particles present unlike granular materials that contain fines or where
attrition can occur. Details of the flow properties and characteristics of polyethylene
pellets are provided in Chapter 5.

TGB and MGB are unique materials, as discussed in Section 7.2, which consist of hard
spheroids that can become cohesive and sticky once fine particles and moisture are
present. TGB consists of a greater proportion of fine particles, shown in Figures 7.3 and
7.4, compared to MGB and the handleability of TGB is slightly worse than MGB as
indicated by the flow function in Figures A.2 and A.4. Although MGB does not contain
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a high proportion of fine particles, when moist, there is a high content of sticky clay
material present from exploration and beneficiation, which can easily adhere to surfaces
and form a cohesive arch when compacted. The majority of the TGB and MGB particles
have a diameter below 16 mm and the “odd” particles above 16 mm were removed. As
TGB contains a high proportion of coarse and fine particles, TGB was tested using two
particle size ranges, being a minus 4 mm sample and “bulk” sample that contained the
original full particle size distribution. To conduct wall friction tests using a bulk sample
of TGB on the JST, particles approximately above 10 mm were removed by hand and
any other particles in the shear cell which did not evenly compact when
preconsolidating the sample.

MGB was only tested as a bulk sample as there was only a small proportion of minus 4
mm particles which allowed for a good comparison between the JST and LSWFT using
a high proportion of coarse particles. Similar to the TGB, large MGB particles were
picked out by hand when conducting wall friction tests on the JST. Although the
particle size distribution of the bauxite samples used on the JST and LSWFT were not
identical as oversized particles were picked out on the JST. The particles had to be
removed as they could not fit into the shear cell and so that reliable results could be
obtained. This minor difference was believed to be acceptable as long as particles too
big for the JST were only picked out leaving a good proportion of coarse particles in the
shear cell. Details of the flow properties and characteristics of TGB and MGB are
provided in Chapter 7.

Magnetite concentrate was also selected as a test specimen to compare wall friction
angles between the JST and LSWFT. Figure 9.1 shows a sample of the magnetite
concentrate with a moisture content of 12 percent wet basis. Mag Conc is a powder with
a maximum particle diameter of approximately 100 µm and a d50 of approximately
28 µm, as depicted in Figure 9.2. The product agglomerates easily when compacted and
forms a stable cohesive arch when moist. When moisture is added to magnetite
concentrate, it easily gains internal strength and becomes highly cohesive when sheared
against wall surfaces. Due to the fine particle size range of magnetite concentrate, the
product is ideal to validate the LSWFT as the ratio of the particle diameter to shear cell
diameter is very low on both testers and the anticipated cohesion allows the measured
cohesion from both machines to be compared and evaluated.
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Figure 9.1 Sample of magnetite concentrate, moisture content: 12% wb
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Figure 9.2 Particle size distribution for magnetite concentrate measured using a
Malvern Instruments Mastersizer 2000

9. 3 Wall samples used for investigation
The selection of wall materials in bulk material handling applications is critical for
reliable flow and storage of bulk solids. Wall materials can range from very smooth and
polished surfaces to rough and irregular surfaces with varying degrees of hardness and
chemical composition, which influence the way bulk solids interact with wall materials.
For this investigation six wall material samples were prepared, listed in Table 9.1, along
with the dimensions of the samples and the average mean centreline roughness Ra
measured with a handheld roughness tester.
293

Chapter 9 – Wall friction measurements

Stainless steel grade 304 with a 2B finish is a common material used as it has a smooth
surface finish and low roughness but not always the lowest wall friction angles.
Alumina ceramic tiles are commonly used in conveyor transfer chutes to combat wear
in applications of low impact forces, impact angles and high abrasion.

Table 9.1 Summary of wall samples used on the JST and LSWFT
Wall sample
Stainless steel grade 304 – 2B
finish
CUMITUFF® 90 alumina
ceramic wear resistant tiles
(90% alumina content)
CUMI-RC rubber backed
alumina ceramic wear resistant
sheet (90% alumina content)
Matrox Classic – pressed (Ultra
high molecular weight
polyethylene)
Matrox X – pressed (Ultra high
molecular weight polyethylene)
Bisplate® 400 – quenched and
tempered steel

Abbreviation

Dimensions
(mm)
150 x 150 x 3
500 x 400 x 3

Roughness
Ra (µm)
0.33
0.33

Al Tile

150 x 100 x 6
600 x 400 x 6

1.37

RC Al Sheet

500 x 500 x 14

0.89

Matrox

150 x 150 x 12
500 x 400 x 12

1.52
1.64

150 x 120 x 12
500 x 500 x 12
150 x 150 x 10
500 x 500 x 10

0.91
0.82
5.31
4.51

SS 304 – 2B

Matrox X
Bisplate 400

Alumina tiles are generally manufactured as small rectangular tiles, which adhere to
surfaces using special high strength adhesion compounds. The tiles are typically
installed by offsetting the joints for optimum performance and minimising material
build-up. CUMITUFF® alumina ceramic wear resistant tiles with 90 percent alumina
content were kindly donated for this research where a single tile was used on the JST
and a custom large wall sample was prepared for the LSWFT by gluing tiles to a 600 by
400 mm mild steel backing sheet as illustrated in Figure 9.3(a). The large representative
wall sample of alumina tiles allowed the effect of raised edges between the tiles to be
investigated as product can potentially hold-up on these edges increasing the force to
shear the product. A rubber backed alumina wear resistant sheet has also been
investigated, shown in Figure 9.3(c), which consists of small square alumina ceramic
blocks embedded in a rubber composite that allows the sheet to flex and absorb impact
energy. The rubber backed alumina sheet was selected due to the unique surface
preparation of rubber composite between the alumina ceramic blocks, which are
commonly used in curved chutes to create a smooth surface ideal for rapid flow
294

Chapter 9 – Wall friction measurements

conditions. The rubber backed alumina ceramic wear resistant sheet was only tested on
the LSWFT as indicated in Table 9.1.

(a) CUMITUFF® 90 alumina ceramic tiles, (b) Stainless steel grade 304 – 2B finish,
600 x 400 x 6 mm
500 x 400 x 3 mm

(c) CUMI-RC rubber backed alumina (d) Matrox classic press finish, 500 x 400
ceramic sheet, 500 x 500 x 14 mm
x 12 mm

(e) Matrox X press finish, 500 x 500 x 12 (f) Bisplate® 400 quenched and tempered
steel, 500 x 500 x 10 mm
mm
Figure 9.3 Wall samples used on LSWFT
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Matrox Classic and Matrox X shown in Figures 9.3(d) and (e), respectively are popular
low friction ultra high molecular weight polyethylene materials used for flow promotion
and optimising bin and silo geometry. Matrox X has a higher hardness compared to
Matrox Classic and is more suitable for abrasive products, such as magnetite
concentrate. Both samples have a smooth pressed surface finish where the roughness of
the Matrox X is marginally less than the Matrox Classic shown in Table 9.1.
To examine the effect of wall friction on a rough wall material Bisplate® 400, shown in
Figure 9.3(f), was selected with an average surface roughness between 4.51 and
5.31 µm, which is used as a wear resistant material for low impact applications.

9. 4 Scope of wall friction test work
To investigate a range of parameters that may influence wall friction on the JST and
LSWFT, such as moisture content, particle size distribution, particle shape and
hardness, the combinations of bulk materials and wall samples tested are tabulated in
Table 9.2. The primary objective of the study was to compare the results between the
JST and LSWFT to investigate any scale-up effects using a similar test procedure and
method to evaluate test data for the scope of bulk material and wall sample
combinations tested.

Table 9.2 provides a summary of bulk materials tested on various wall samples in
addition to the particle size distributions tested and whether the product was tested in a
dry or moist state. As indicted in Table 9.2, a majority of the test work was conducted
using bauxite where the results from this test work were used in the large scale DEM
case study in Chapter 11. The moisture content of the bauxite tested as a bulk particle
size distribution was exmined at maximum internal strength conditions as discussed in
Section 7.2. Maximum strength conditions of the bulk particle size distribution of the
TGB and MGB was approximately 16 and 11 percent moisture content respectively.
The saturation moisture content of the bauxite was also determined as discussed in
Section 7.2 for the TGB with a bulk and a minus 4 mm particle size distribution sample
to compare the maximum strength moisture content to the saturation moisture content.
As the fine proportion of a bulk solid retains a greater portion of the moisture, the
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moisture content of the minus 4 mm TGB was set to approximately 75 percent of the
saturation moisture content of 23.95 percent to 18 percent. Wetting the minus 4 mm
TGB samples to a moisture content of approximately 20 percent resulted in significant
moisture migration to the shear plane during shearing and water to disperse onto the
wall sample, which effectively produced an inhomogeneous sample. The magnetite
concentrate was tested at two moisture contents being 5 and 12 percent where at 5
percent the product begins to gain strength when compacted.

Table 9.2 Summary of the bulk materials and wall sample combinations tested
Polyethylene
Wall Sample

Pellets (PP)

Trihydrate

Monohydrate

Magnetite

Grade Bauxite Grade Bauxite Concentrate
(TGB)

(MGB)

(Mag Conc)

SS 304-2B

BD

BMDW

BDW

BW

Al Tile

BD

BMDW

BDW

N/A

RC Al Sheet

N/A

BMDWL

BDWL

N/A

Matrox

BD

BMDW

N/A

N/A

Matrox X

N/A

N/A

N/A

BW

Bisplate 400

BD

BMDW

BDW

BW

Legend
B - As received bulk particle size distribution

W - Moist bulk material sample

M - Minus 4 mm particles only

L - Tested on LSWFT only

D - Dry bulk material sample

N/A - Not available

Note: bulk material and wall sample combinations were tested on both the JST and
LSWFT expect for L and N/A

9. 5 Test procedure on the Jenike shear tester and LSWFT
Section 8.5 outlined the test procedure adopted for the LSWFT, however to retain a
consistent methodology between the testers, the procedure recommended by the SSTT
and ASTM standard D 6128-06 was modified for the JST, similar to the procedure
outlined in Section 8.5. Figure 9.4 shows the typical setup of a wall friction test on the
JST. The wall sample, which has been “conditioned” by rubbing a hand full of product
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onto the surface of the coupon, is clamped to the machine and shimmed if required so
the shear plane is aligned with the stem. The shear ring with the mould ring was placed
on top of the wall sample and correctly positioned for testing. Bulk material was
spooned into the shear cell and the twisting cover was placed on top of the bulk material
and twisted while applying a small amount of normal pressure by hand to homogenise
the sample. The mould ring and twisting cover were then removed and excess material
above the shear ring was scraped off and the cover was placed on top of the sample.

Figure 9.4 Setup of JST for wall friction testing

Similar to the LSWFT testing procedure, eleven normal stress levels (σw11 to σw1) were
selected with the initial weight mw on top of the cover being 10 kg consisting of 1 kg
weights. The smallest normal stress σw1 includes the weight of the cover, shear ring and
bulk material. The shear cell and stem of the JST were correctly aligned with the
locating screws to begin testing and the weights were directly placed on top of the shear
cell without using a hanger, which is a minor alteration of the SSTT and ASTM
standard D 6128-06 guidelines. A problem when using a hanger for wall friction testing
on the JST is that when the weights on the hanger are removed, potential oscillation of
the normal force can occur which affects the shear stress measurements that can be
simply eliminated by directly placing the weights on top of the cover.

The shear ring was twisted and lifted slightly once the weights have been stacked on the
shear cell and testing commences by activating the data acquisition system and JST so
the stem starts pushing the shear cell. Once shearing occurred, the shear stress began to
rise to a maximum value and then approached a steady-state value where the normal
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stress was decreased. The stem of the JST continued to push the shear cell and once the
shear stress reached a steady-state value again the normal stress was decreased. The
latter procedure was continued until the smallest normal stress was achieved. When the
test was complete, the stem was retracted and the shear cell was carefully pushed back
to the locating screws and the above procedure was repeated until the steady-state shear
stress values became consistent or very similar to previous tests. The number of times or
cycles the wall friction test needed to be repeated depended on the bulk material and
wall sample, but ranged from two or three times to five or six times. Tests were
generally not repeated more than six times, especially with moist products as the
product began to dry out and produce unreliable results. For the latter scenario, the
WYL was evaluated using three wall friction test results, which was deemed to be
acceptable.

Once a series of wall friction tests were complete, the shear cell was removed from the
JST and the mass above the shear plane was measured to evaluate the normal stress for
each shear point. The wall friction test was conducted at least twice with fresh product
to examine if there was any difference between the results using a fresh material.
Carrying out wall friction tests on the LSWFT tended to take longer to prepare due to
the greater mass of bulk material required and the longer period to obtain a steady shear
stress at σw11, so two complete tests of all the bulk material and wall sample
combinations listed in Table 9.2 were conducted on the JST and LSWFT. If there was a
significant variation in the results, additional complete tests were conducted with fresh
product. However, as the wall friction test procedure was carried out several times (i.e.
from σw11 to σw1) until relatively consistent results were obtained with the same product
in the shear cell, it was not absolutely necessary to conduct a large number of tests with
new product. If the wall friction test were repeated a large number of times with fresh
product, the moisture content of the sample began to reduce as the product is handled
and exposed to atmosphere, which inevitably changes the properties of the product and
produces variation between the results.
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9.5.1

Bulk material preparation and monitoring

The minus 4 mm TGB sample was prepared by drying a large quantity of the TGB as it
was received by spreading the material on large trays and sieving the TGB with a 4 mm
sieve to obtain the minus 4 mm proportion of material. The tests using the minus 4 mm
dry TGB was conducted first and then the product was wet up to the required moisture
content, thoroughly mixed and allowed to stand overnight.

The dry bulk samples of the TGB and MGB were prepared by mixing the drum of
material received and taking at least 30 litres of the product and drying it until a
constant weight was reached. The “moist” samples of TGB and MGB were prepared by
measuring the moisture content of the received product, drying a sample of the material
in an oven between 105 and 110°C to constant weight and then adding or removing
water to the specified moisture content and allowing to stand overnight in a sealed
container. The latter procedure was used to prepare the magnetite concentrate to 5 and
12 percent moisture content.

The bulk materials were stored in sealed containers during testing and were prepared a
day or two prior. As the test scope of each bulk material sample took several days to
complete, depending on the characteristic of the product and the quantity of wall
samples that needed to be examined, the moist samples were regularly mixed and the
moisture content was monitored and rectified if required.

9.5.2

Calibration of the Jenike shear tester

The shear force on the JST was measured using a 50 lb S-Type load cell, which was
connected directly to the same dataTaker DT 80 used on the LSWFT. The load cell was
connected to the dataTaker using a current bridge with 2.5mA excitation current and
data was recorded at 4 Hz using the DeLogger software. The load cell was calibrated by
removing the load cell from the JST and applying dead weights to the load cell using a
hanger. Typically, a calibration lever was used to calibrate the load cell but to achieve
the most accurate calibration, the load cell was removed to apply a load directly to the
load cell. Figure 9.5 shows the results from the calibration procedure of the applied dead
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weights (not including the hanger weight) verus the recorded ppm from the dataTaker,
which indicates that the load cell response is linear with a degree of zero balance offset
present. The important calibration factor is the gradient of the linear line of best fit as
the zero balance was calculated prior to wall friction testing by recording the load cell
reading with no force applied. The shear rate of the JST used for this investigation was
measured using a stop watch and dial indicator where the measured average shear rate
was between 2.29 and 2.45 mm min-1 under load.
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Figure 9.5 Calibration of JST shear force load cell

9.5.3

Evaluation of wall friction test data

Evaluation of the wall friction angles was done according the specifications in the SSTT
and the ASTM standard D 6128-06 for the results from the JST and LSWFT. As
discussed in Section 8.5, a Microsoft Excel spreadsheet was created to import the raw
data from the DeLogger software. Using various calibration and offset parameters, the
shear force Fs was evaluated including on the LSWFT, where the resistance in the linear
bearings Fs,brg was integrated into the calculations using Equation 8.5. Using several
Visual Basic macros and forms, shear points between σw10 to σw1 were selected
manually from two or three wall friction tests, which were averaged to evaluate the
shear points to plot a WYL for a specific bulk material and wall sample. By graphing
the data, data points in a specified region were used to calculate the average shear force
and for the LSWFT the average normal force for a specific σw. Once the shear points
were evaluated, the normal and shear stress points were plotted on a graph and a smooth
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linear regression line was fitted to the shear points. If the linear line of the WYL passed
marginally below the origin on the τw - σw plot, the intercept of the linear regression of
the WYL was forced to pass through the origin. This resulted in a constant kinematic
wall friction angle φw with a bulk material displaying no cohesion for a specific wall
sample. The square of the correlation coefficient R2 was also evaluated to examine the
total variance of the data and ensure the fit of the WYL was acceptable. The maximum
shear stress value at σw11 during shear is regarded as the static wall friction angle
(Institution of Chemical Engineers 1989), which in many cases is similar or marginally
greater than the kinematic angle of wall friction at high normal stresses. In this
investigation, evaluation of the static wall friction angle has not been conducted.

9. 6 Wall friction testing of polyethylene pellets
This section provides the results of the test work conducted using polyethylene pellets
on various wall samples on both the JST and LSWFT. PP is a free flowing product,
making it relatively simple and quick to test as the material is easy to homogenise. Due
to the low bulk density of PP, lower σw were able to be achieved compared to the results
using bauxite or magnetite concentrate. Generally, as wall friction results of the PP were
easily repeatable, only two or three tests were required, especially on the SS 304-2B and
Matrox. Due to the higher surface roughness of the Bisplate 400 and Al Tile, an
additional test or two was required to obtain consistency. Figure 9.6 provides the
evaluated wall yield loci for PP on various wall samples measured on the JST and
LSWFT where the wall friction test procedure had been conducted twice with fresh
product. The average shear points between each series of wall friction tests conducted
are plotted on Figure 9.6, which has been used to determine the average WYL.
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Figure 9.6 Wall yield loci of polyethylene pellets on various wall samples measured on
JST and LSWFT
Figure 9.6 shows there was generally a small degree of variance among the shear points
between the two sets of wall friction tests, especially on the LSWFT where the
correlation between the evaluated wall yield loci is excellent, indicating that the
repeatability on the LSWFT is better. As the normal stress levels between the two
testers were not identical due to the greater amount of material in the shear cell on the
LSWFT, the LSWFT normal stress levels were greater, which made it easier to quickly
identify the wall yield loci measured using the LSWFT for example on Figure 9.6. On
the JST and LSWFT, the repeatability of the measured shear points was better at low
normal stresses compared to at higher stresses (greater than approximately 8 kPa) where
there was greater variance especially with the JST.

Figure 9.7 shows the evaluated φw based on the wall yield loci in Figure 9.6. Although
PP is a free flowing product with no ability to adhere to most surfaces besides surfaces
that can generate electro-static forces, the wall yield loci and plot of φw for various wall
samples indicate there was a negligible degree of cohesion between PP and the wall
samples tested on the JST and LSWFT. Figure 9.6 shows that the intercepts of the wall
yield loci were very close to the origin but Figure 9.7 shows that the wall friction angle
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began to increase below σw of approximately 1 kPa due to the apparent cohesion using a
linear regression to determine the WYL based on the measure shear points. Even though
the WYL does not intersect the origin, the apparent cohesion is negligible due to minor
experimental error and the wall yield loci could easily be forced to intersect the origin
with a constant φw and R2 value close to 1. Figure 9.7 clearly shows that the wall sample
properties have a direct influence on the measured wall friction angle where the best
wall friction characteristics for PP were displayed by the SS 304-2B and Matrox Classic
and the worst characteristic by Bisplate 400 and Al Tile.
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Figure 9.7 Kinematic wall friction angle φw of polyethylene pellets on various wall
samples measured on JST and LSWFT
To compare the wall friction angles measured on the JST and LSWFT, Figure 9.8 has
been generated to compare φw at σw = 1 and 10 kPa for various bulk material and wall
sample combinations. Figure 9.8 does not show a direct correlation between the JST and
LSWFT but shows various differences for the range of bulk material and wall sample
combinations tested. For PP on SS 304-2B and Matrox Classic, φw measured on the
LSWFT was greater than the angle measured on the JST at low and high σw.
Alternatively, the measured φw of PP on Bisplate 400 and Al Tile, which have a rougher
surface finish, was higher on the JST at low and high σw compared to the LSWFT. For
the PP on SS 304-2B, there is a difference between the measured φw using the JST and
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LSWFT of 5.7 and 3.6 degrees at a normal stress of 1 and 10 kPa respectively, which
would influence the hopper geometry for mass flow bins according to Jenike’s theory of
storage and flow of bulk solids (Arnold et al. 1982). As PP is a free flowing product, PP
generally do not display any significant problems when storing and handling the product
and the differences between the measured φw are not of serious concern for designers
dealing with PP.
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Figure 9.8 Variation of kinematic wall friction angle φw of polyethylene pellets on
various wall samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal
stress σw
Figures 9.9 through 9.12 show samples of the measured shear force for successive wall
friction tests on the JST and LSWFT for PP on SS 304-2B and Bisplate 400. The aim of
these figures is to show the variation and response of Fs between the two testers to
examine the consistency of the testers using two different cell sizes. Figures 9.9 and
9.10 show that the PP is fairly easy to test on the SS 304-2B with a stepwise response
on both the JST and LSWFT. The results are also consistent after two or three cycles of
the wall friction test but the evaluated φw do not correlate well as shown in Figure 9.8.
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Figure 9.9 Sample of the shear force measurements of two successive wall friction
tests on JST of polyethylene pellets on Matrox Classic
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Figure 9.10 Sample of the shear force measurements of three successive wall friction
tests on LSWFT of polyethylene pellets on Matrox Classic
Figures 9.11 and 9.12 show the shear force response for PP on Bisplate 400 tested on
the JST and LSWFT respectively. Due to the size of the PP, the bulk material is
perceived as being on the upper limit of testable products on the JST. It becomes harder
to homogenise the bulk material in a JST shear cell compared to the LSWFT shear cell,
which has a substantially greater volume and can fit more particles into the cell.
Comparing Figures 9.11 and 9.12, there is a noticeable difference in the shear force
response during shearing where the response on the JST is erratic with sudden decreases
in Fs and gradual increases in Fs unlike on the LSWFT where there is a nice stepwise
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response. On the LSWFT the period of steady-state shear has been automated using a
timer to reduce Fn at regular intervals, which produces a smooth and consistent wall
friction test. With limited shear strain on the standard JST and using 11 shear points, the
period of steady-state shear is limited and often only very short periods of steady-state
shear are permissible on the JST, unlike on the LSWFT. Observations from wall friction
testing on the JST tended to indicate that the initial shear force response at σw11
influenced the shear force levels for successive σw values. If Fn was reduced in advance
to steady-state shear, additional wall friction tests were required to obtain consistent
results but this was not an issue on the LSWFT due to the significantly greater shear
strain possible. On the LSWFT, Fn is reduced using a unit step response so Fn is rapidly
stepped down to the steady-state value, which generates less undershoot in the shear
force response as shown in Figure 9.12. On the JST, Fn is simply reduced by quickly
removing weights on top of the shear cell, creating an abrupt change to the normal stress
present at the shear plane, which is noticed in Figure 9.11 by the sudden decrease of Fs
at numerous σw values and then the period for Fs to increase again to steady-state.
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Figure 9.11 Sample of the shear force measurements of three successive wall friction
tests on JST of polyethylene pellets on Bisplate 400
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Figure 9.12 Sample of the shear force measurements of four successive wall friction
tests on LSWFT of polyethylene pellets on Bisplate 400
Although there is no clear indication which machine produces the most accurate results,
the LSWFT has shown for PP on rougher wall samples, such as Bisplate 400 and Al
Tile, to produce a relatively stepwise and consistent shear force response even though
conservative φw values were measured on the rougher wall samples using the JST. The
effects of the tile joints on the Al Tile wall sample prepared for the LSWFT didn’t
display any significant increases in the measured wall friction angles but showed a
reduction of the measured angles compared to a single tile being used on the JST.

9. 7 Wall friction testing of magnetite concentrate
This section provides the results of the test work conducted using magnetite concentrate
on three wall samples using both the JST and LSWFT at two moisture contents. Mag
Conc is a fine granular material that displays high internal strength when moisture is
added to increase the bond strength between particles and between the bulk material and
wall surfaces. Mag Conc is a highly compressible product which requires careful
preconsolidation when conducting wall friction tests especially on the LSWFT due to
the shear cell volume. Unlike the other bulk materials tested on the LSWFT, the Mag
Conc was carefully scooped into the shear and mould ring where the product was
compacted gradually during the filling process. Once the product was placed into the
shear cell, the cover was placed on top of the product and compressed using the
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‘Consolidate’ function on the LSWFT. Excess material was scraped off so the surface of
the bulk material was several millimetres below the top of the ring to allow the top of
the cover to be flush with the top of the ring. Figures 9.13 through 9.15 show the results
of the wall friction tests conducted on the JST and LSWFT using Mag Conc at 5 percent
moisture content on SS 304-2B, Bisplate 400 and Matrox X. Likewise, Figures 9.16
through 9.18 show the results for the latter test work using Mag Conc at 12 percent
moisture content.

Figure 9.13 shows that the Mag Conc with a moisture content of 5 percent is relatively
cohesionless on the wall samples tested except on the Bisplate 400 tested on the JST,
which displayed approximately 0.12 kPa cohesion via extrapolation. The consistency of
the shear points between the repeated wall friction tests (with fresh product) was good
for the majority of bulk material and wall sample combinations tested on both machines.
At σw approximately above 7 kPa, there was marginally greater variation between the
shear points of the repeated wall friction tests. Due the minimum weight of the bulk
material, shear ring and cover on the LSWFT, the JST can measure shear points at
lower normal stresses compared to the LSWFT, which requires further extrapolation of
the WYL to predict the cohesive stress of the bulk material.

Figure 9.14 shows φw determined from the wall yield loci in Figure 9.13. Figure 9.14
shows that φw is constant for the Mag Conc at 5 percent moisture content tested on SS
304-2B with both machines and Bisplate 400 with the LSWFT only. Aside from the test
on Bisplate 400 with the JST, the Mag Conc at 5 percent moisture content displays
similar characteristics on the SS 304-2B, Bisplate 400 and Matrox X with only
approximately three degrees of variation. The product also displays a very small amount
of cohesion on the Matrox X, which is indicated by the minor kick up of the kinematic
wall friction lines in Figure 9.14.
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Figure 9.13 Wall yield loci of magnetite concentrate on various wall samples measured
on JST and LSWFT, moisture content: 5% wb
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Figure 9.14 Kinematic wall friction angle φw of magnetite concentrate on various wall
samples measured on JST and LSWFT, moisture content: 5% wb
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Figure 9.15 shows a comparison of the wall friction angles measured on the JST and
LSWFT of Mag Conc at 5 percent moisture content on various wall samples at σw = 1
and 10 kPa. For the latter comparison, the correlation between the JST and LSWFT is
generally good with only a minor difference between the machines except for the wall
friction angle measured on the Bisplate 400 with the JST at 1 kPa normal stress, which
is 5.7 degrees greater than the LSWFT measurement. Figure 9.15 indicates that the JST
generally measures more conservative φw compared to the LSWFT when testing Mag
Conc at low moisture levels.
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Figure 9.15 Variation of kinematic wall friction angle φw of magnetite concentrate on
various wall samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal
stress σw, moisture content: 5% wb
When the moisture content of the Mag Conc was increased to 12 percent, there was a
significant degree of adhesion observed during testing and the internal strength of the
product increased, which led to the ability of the product to form large compacted
solids. Figure 9.16 provides the measured wall yield loci of Mag Conc at 12 percent
moisture for various wall samples. It shows a large increase of surface cohesion
compared to the results in Figure 9.13 at a lower moisture content except for the product
tested on Bisplate 400 with the JST. When Mag Conc was tested on the Bisplate 400
with the JST, the cohesion stress only increased from 0.12 kPa to 0.16 kPa at 5 and 12
percent moisture content respectively. Figure 9.16 shows that the repeatability of the
Mag Conc on Bisplate 400 with the JST is good by comparing the alignment of the
shear points. However, the measured WYL of the Mag Conc on the Bisplate 400 with
the LSWFT, displays the worst characteristics and highest cohesion stress. When testing
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the moist Mag Conc on the LSWFT, Figure 9.16 shows the repeatability of the tests
with fresh product is not as good compared to the JST, and previous results in Figure
9.13 with a drier product especially on Matrox X and SS 304-2B and to a lesser extent
on Bisplate 400.
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Figure 9.16 Wall yield loci of magnetite concentrate on various wall samples measured
on JST and LSWFT, moisture content: 12% wb
Figure 9.17 shows the variation of the kinematic wall friction angle of Mag Conc at 12
percent moisture content for various wall samples. Due to the cohesive nature of the
product, the wall friction angle dramatically increases with decreasing normal stress, as
illustrated in Figure 9.17. Figure 9.18 shows that the measured φw on SS 304-2B and
Matrox X using the JST and LSWFT are very similar where the LSWFT predicts
slightly less cohesion stress. However, when Mag Conc is sheared on Bisplate 400,
there is a large difference between the measured wall friction angle on the JST and
LSWFT, where the LSWFT predicts a φw 29.3 degrees greater than the JST of Mag
Conc at 12 percent moisture content at σw = 1 kPa. At σw = 10 kPa, the difference
between φw is only 4.9 degrees. For the Bisplate 400 there was a unique behaviour
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observed as there was a minor difference between φw when tested at 5 percent moisture
content on both testers where the JST predicted marginally greater φw but when tested at
12 percent moisture content there was a significant difference in favour of the LSWFT
as illustrated in Figure 9.17.
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Figure 9.17 Kinematic wall friction angle φw of magnetite concentrate on various wall
samples measured on JST and LSWFT, moisture content: 12% wb
To examine the behaviour and shear force response when conducting the wall friction
tests of Mag Conc on Bisplate 400, Figures 9.19 through 9.22 have been compiled,
showing the measured shear force for repeated wall friction tests on the JST and
LSWFT at 5 and 12 percent moisture content. Some slip-stick phenomena was observed
at higher normal stresses as clearly shown in Figures 9.19 and 9.22, which led to
spontaneous jerking or self-excited oscillation on both the JST and LSWFT. When slipstick occurred, the peak value of the steady-state shear force was used to evaluate the
WYL. Slip-stick was generally more prominent on the SS 304-2B with both testers.
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Figure 9.18 Variation of kinematic wall friction angle φw of magnetite concentrate on
various wall samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal
stress σw, moisture content: 12% wb
Figures 9.19 and 9.20 show that the shear force measurements on the JST of Mag Conc
at 5 and 12 percent moisture content respectively are comparatively consistent with only
two or three of the repeated wall friction tests required. The shear response is
reasonably stepwise with no erratic and abnormal behaviour occurring especially in
Figure 9.20 where the JST φw values were significantly lower than the LSWFT φw
values at 12 percent moisture content and σw = 1kPa shown in Figure 9.18.
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Figure 9.19 Sample of the shear force measurements of two successive wall friction
tests on JST of magnetite concentrate on Bisplate 400, moisture content: 5% wb
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Figure 9.20 Sample of the shear force measurements of two successive wall friction
tests on JST of magnetite concentrate on Bisplate 400, moisture content: 12% wb
Figures 9.21 and 9.22 show the shear force measurements on the LSWFT of Mag Conc
at 5 and 12 percent moisture content respectively. Figure 9.21, which only shows the
shear force measurements of the critical shear points (i.e. σw10 to σw1), reveals only four
wall friction tests needed to be conducted to obtain consistent results with Mag Conc
(i.e. wall conditioning effect) at 5 percent moisture content with no obvious abnormal
behaviour. The test arrangement using two shear force load cells shown in Figure 8.22
was used instead of the standard restraining arm design in Figure 8.4 for the series of
wall friction tests conducted in Figure 9.21 to verify the shear force measurements on
the LSWFT. Placing the ball bearing attached to the shear beam load cell (Shear Load
Cell B) on the modified restraining arm approximately two thirds up the side of the
shear ring, resulted in identical shear force measurements between the two shear force
load cells. This good result gives confidence in the design and calibration procedure of
the LSWFT.

Figure 9.22 shows a high amount of cohesion present due to the considerable amount of
force required to shear the product at low normal stresses and that slip-stick occurred
when testing Mag Conc at 12 percent moisture content on Bisplate 400 with the
LSWFT. The product was also very adhesive and stuck easily to the shear cover and
wall samples during testing. Testing the Mag Conc on the LSWFT at 12 percent
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moisture content went without any problems or abnormal behaviour, as shown in Figure
9.22. The calibration and accuracy of the shear force measuring method was verified in
Figure 9.21 and Section 8.6.3, so the high offset shown in Figure 9.22 was highly
plausible and realistic due to the physical difficulty to slide the shear cell off the
Bisplate 400 once testing was complete.
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Figure 9.21 Sample of the shear force measurements of four successive wall friction
tests on LSWFT of magnetite concentrate on Bisplate 400 using the setup shown in
Figure 8.22, moisture content: 5% wb
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Figure 9.22 Sample of the shear force measurements of two successive wall friction
tests on LSWFT of magnetite concentrate on Bisplate 400, moisture content: 12% wb
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From the test work conducted with Mag Conc, there was generally a good correlation
between the JST and LSWFT using smooth surfaced wall samples, such as SS 304-2B
and Matrox X. With more bulk material in the LSWFT shear cell, the Mag Conc was
observed during testing to adhere to the rougher surfaces better than the bulk material in
the JST shear cell. During testing on the JST, the moist Mag Conc could be more easily
sheared over the wall samples when pushing the shear cell back to the locating screws
compared to the LSWFT. Scaling up the shear cell size and having a larger shear area
seemed to improve the interaction between moist and sticky bulk materials and wall
samples to measure surface cohesion. Tests were performed on the LSWFT with Mag
Conc with 12 percent moisture content on SS 304-2B, where the shear cell was pushed
back to the origin after a cycle of the wall friction test and repeated. By upsetting the
shear plane when sliding the shear ring back, there was a significant reduction in the
measured shear points from the previous wall friction test, making it very difficult to
obtain consistent results. This showed that repeating wall friction tests without sliding
the shear cell back and retracting the shear table on the LSWFT between tests
dramatically improved the reliability and consistency of the results. Due to the limited
shear strain on the standard JST, the shear cell had to be pushed forwards and
backwards to complete a wall friction test according to the SSTT, which could affect the
measured WYL. This could potentially explain the significant difference between the
measured wall yield loci of Mag Conc with 12 percent moisture content on Bisplate 400
requiring further investigation on a JST with longer travel of the stem.

9. 8 Wall friction testing of trihydrate grade bauxite
The following sections provide the results of the test work conducted using dry and
moist TGB with two particle size distributions being the minus 4mm size fraction and
the received bulk size distribution on various wall samples on both the JST and
LSWFT. Figures 7.3 and A.11 show the measured particle size distribution of the
received TGB and the sieved minus 4 mm size fraction of TGB respectively.
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9.8.1

Dry minus 4 mm particle size distribution of trihydrate grade bauxite

As the standard JST in general is adequate to test a minus 4 mm size sample,
comparisons of the results between the JST and LSWFT with maximum top size of the
JST can be made. Although comparisons were made between the JST and LSWFT
using PP, which have an average particle size slightly greater than 4 mm, testing the
minus 4 mm TGB allowed a comparison to be made using granular material, which has
a wide particle size distribution compared to PP. Figure 9.23 shows the measured wall
yield loci of dry minus 4 mm TGB on SS 304-2B, Bisplate 400, Al Tile and Matrox
using the JST and LSWFT. Besides from the Matrox, the characteristic of the TGB on
the various wall samples is very similar, where SS 304-2B and Al Tile displayed
slightly higher characteristics. The repeatability of the wall friction tests were generally
good with the exception of the TGB tested on the SS 304-2B and Al Tile with the
LSWFT, where there was greater deviation of the shear points at higher σw. The wall
yield loci of the TGB tested on the various wall samples besides the Matrox with the
LSWFT intersected with the origin, indicating that the dry TGB was cohesionless. The
wall friction tests on the Matrox and other wall samples tested with the JST exhibited a
minor quantity of cohesion stress.
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Figure 9.23 Wall yield loci of dry minus 4 mm TGB on various wall samples measured
on JST and LSWFT
Figure 9.24 clearly shows a good correlation between the measured kinematic wall
friction angle of minus 4 mm TGB with the JST and LSWFT on various wall samples.
At σw = 1 kPa, the JST predicted a marginally greater φw on the SS 304-2B, Bisplate
400 and Al Tile due to the presence of cohesion stress on the wall yield loci. The
differences between the JST and LSWFT results in Figure 9.24 are trivial, that further
verifies the LSWFT design, calibration procedure and testing procedure.
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Figure 9.24 Variation of kinematic wall friction angle φw of dry minus 4 mm TGB on
various wall samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal
stress σw
Figures 9.25 and 9.26 provide a sample of the shear force response obtained during wall
friction testing of dry minus 4 mm TGB on Bisplate 400 with the JST and LSWFT
respectively. Although dry TGB is free flowing, the minus 4 mm size fraction is not
straight forward to test on the JST, as shown in Figure 9.25, compared to the shear
response on the LSWFT shown in Figure 9.26. On the LSWFT, the shear force response
is very stepwise, but the JST displays erratic behaviour and requires extra repeated wall
friction tests to obtain convergence. Due to the 150 mm of shear travel on the LSWFT,
longer periods of steady-state shear are permissible, allowing true kinematic wall
friction to be measured. One factor that is easily identified in Figure 9.26 is the longer
period required to obtain steady-state shear at the initial σw11 level on the first wall
friction test. On the LSWFT it takes approximately 175 seconds to initially obtain
steady-state shear compared to approximately 60 seconds on the JST. However, with
successive wall friction tests on the LSWFT, the period to obtain steady-state shear at
σw11 is significantly reduced as the bulk material is further consolidated by the shear
process. Evaluating the LSWFT results in Figure 9.26 is much easier than the results
obtained on the JST shown in Figure 9.25, as there are more data points during steadystate shear and less variance between the shear points.
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Figure 9.25 Sample of the shear force measurements of six successive wall friction tests
on JST of dry minus 4mm TGB
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Figure 9.26 Sample of the shear force measurements of three successive wall friction
tests on LSWFT of dry minus 4mm TGB

9.8.2

Dry bulk particle size distribution of trihydrate grade bauxite

Testing the TGB with the full particle size distribution (d < 16 mm) close to maximum
strength conditions is the most representative scenario expected in most bauxite
handling facilities unless segregation occurs or the build up of fines in chutes and bins.
321

Chapter 9 – Wall friction measurements

Although particles approximately greater than 10 mm were removed from the JST shear
cell, there was only approximately five percent of particles greater than 10 mm. If
particles greater than approximately 10 mm were not removed from the JST shear cell,
it made it difficult to homogenise the sample and correctly place the cover on the
sample to evenly distribute the normal pressure. Thus, the samples used on the JST and
LSWFT were not identical but were very similar as only a small fraction of the upper
particle size was removed from the JST wall friction tests.

Using a bulk particle size distribution, Figure 9.27 presents the evaluated wall yield loci
of the repeated test work conducted in the previous section. Figure 9.27 shows a similar
characteristic to the results presented in Figure 9.23. Similar to the results in the
previous section, the LSWFT displayed no cohesion on the SS 304-2B, Bisplate 400
and Al Tile while showing a small amount of cohesion on the Matrox, which has a
lower boundary failure envelope. On the JST, a small amount of cohesion was displayed
on all the wall samples due to the selected linear regression curve fit.
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Figure 9.27 Wall yield loci of dry TGB with bulk particle size distribution on various
wall samples measured on JST and LSWFT
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The correlation of φw on SS 304-2B, Bisplate 400 and Matrox between the JST and
LSWFT as compared in Figure 9.28 is close but the difference between the testers on Al
Tile is 7.4 degrees at 1 kPa normal stress with the JST predicting a greater φw. When
comparing Figures 9.24 and 9.28, the difference of the measured φw using a dry TGB
with a minus 4 mm and the bulk particle size distribution is trivial besides from the
latter discrepancy of the Al Tile. However, the shear force response and patterns on the
LSWFT were generally not as sensitive compared to the JST when testing particle with
a diameter greater than 4 mm due to the small dmax/Dcell ratio. With a low dmax/Dcell ratio,
particles could be packed and consolidated better in the LSWFT shear ring compared
the small JST shear ring, which could not fit many large particles. The diameter of the
large particles that could fit into the JST shear ring were usually close to the thickness
of the ring, making it difficult to preconsolidate the fine particles and create a
homogenised sample during shearing.
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Figure 9.28 Variation of kinematic wall friction angle φw of dry TGB with bulk particle
size distribution on various wall samples between JST and LSWFT at 1 kPa (left) and
10 kPa (right) normal stress σw

9.8.3

Moist minus 4 mm particle size distribution of trihydrate grade bauxite

The influence of moisture on the stickiness of the TGB has been examined by adding
water to the minus 4 mm size fraction of the product. Figure 9.29 shows the measured
wall yield loci of the minus 4 mm TGB with a moisture content of 18 percent on various
wall samples. As the internal strength of the product increased, the boundary failure
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envelope also expanded resulting in a greater level of cohesion and adhesion between
the product and wall samples when comparing wall yield loci between Figures 9.23 and
9.29. The best wall friction characteristics were displayed by the TGB test sample on
the Matrox followed by the SS 304-2B, Bisplate 400 and Al Tile, which have similar
characteristics.

The intersection of the wall yield loci with the ordinate on the

τw - σw plot in Figure 9.29 displays a good correlation of the apparent cohesion between
the results obtained from the JST and LSWFT besides the Matrox results, which
predicted greater cohesion on the LSWFT. With the moist TGB, the variance of the
shear points on the WYL is much less then when tested dry in Figure 9.23 as there was
probably less movement between the particles at the shear plane due to the adhesive
bonds between the particles. When plastic deformation occurs between the particles in
the vicinity of the shear plane as the internal failure envelope is close to or less than the
boundary failure envelope, it can be more difficult to obtain steady-state shear and
convergence especially on the JST.
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Figure 9.29 Wall yield loci of moist minus 4 mm TGB on various wall samples
measured on JST and LSWFT, moisture content: 18% wb
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Figure 9.30 shows that the difference between the results obtained from the JST and
LSWFT are very similar for the SS 304-2B, Bisplate 400 and Al Tile. The LSWFT
generally predicted marginally higher φw at σw = 1 and 10 kPa. At σw = 1 kPa, φw of the
moist minus 4 mm TGB on Matrox is 3.9 degrees greater on the LSWFT but is only 1.7
degrees greater on the LSWFT at σw = 10 kPa. The shear force response trends and
behaviour shown in Figures 9.25 and 9.26 for dry minus 4 mm TGB on the JST and
LSWFT were also comparable to the observed trends when testing the moist minus 4
mm TGB. Although the wall friction tests were more time consuming to perform on the
LSWFT due to the longer period to initially obtain steady-state shear and setup the
experiments, the data obtained was quicker to analyse due to the good stepwise shear
response during shearing.
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Figure 9.30 Variation of kinematic wall friction angle φw of moist minus 4 mm TGB on
various wall samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal
stress σw, moisture content: 18% wb

9.8.4

Moist bulk particle size distribution of trihydrate grade bauxite

Figure 9.31 shows the evaluated wall yield loci of the TGB at 16 percent moisture
content on various wall samples. Figure 9.31 shows that TGB on Al Tile has the worst
characteristics when tested on the JST and displays an abnormally higher WYL
compared to the trends in Figures 9.23, 9.27 and 9.29, which indicates the difficulty to
obtain reliable failure envelopes using particles that are over five percent of the shear
ring I.D. on the JST. Comparing the variance of the shear points on the various wall
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yield loci obtained from the JST and LSWFT in Figure 9.31, greater deviation is
displayed on the WYL measured on the JST especially on the Al Tile and Matrox. The
repeatability of the shear points obtained on the LSWFT is much better than those
obtained from the JST. Figure 9.31 shows an increase of the cohesion stress of all the
wall yield loci in Figure 9.27 as moisture is added to the TGB from a dry state.
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Figure 9.31 Wall yield loci of moist TGB with bulk particle size distribution on various
wall samples measured on JST and LSWFT, moisture content: 16% wb
One notable observation evident in Figures 9.27, 9.29 and 9.31 is the lowest shear point
(σw1) on the WYL of the TGB on Al Tile measured on the JST is always below the
WYL, which is a behaviour often seen when conducting wall friction testing on the JST.
The latter shear point is generally close to the shear point obtained on the LSWFT using
the same bulk material and wall sample combination. Ideally more shear points at low
normal stresses would allow a curved WYL to be fitted to the shear points to calculate
φw with a better correlation to the raw data. This would result in a lower φw at low
normal stresses and correlate better to the LSWFT results in Figures 9.28, 9.30 and
9.32.
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Once again Figure 9.32 shows a good correlation between φw measured on the JST and
LSWFT except for the TGB on Al Tile using the JST, which is 11.8 degrees higher than
the LSWFT predictions. Comparing Figures 9.28 and 9.32, there is an increase in φw at
σw = 1 kPa as moisture has been added to the TGB but at σw = 10 kPa there is a minor
reduction of φw as moisture is added on both the JST and LSWFT.
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Figure 9.32 Variation of kinematic wall friction angle φw of moist TGB with bulk
particle size distribution on various wall samples between JST and LSWFT at 1 kPa
(left) and 10 kPa (right) normal stress σw, moisture content: 16% wb

9.8.5

Trihydrate grade bauxite on CUMI-RC rubber backed alumina ceramic
sheet

Although a limited amount of test work was conducted on the CUMI-RC rubber backed
alumina ceramic sheet (RC Al Sheet), the effects of rubber joints between the alumina
ceramic inserts could be examined. As the RC Al sheet was new when received, some
of the rubber composite had melted on top of the alumina ceramic inserts and created a
thin film of rubber over some of the inserts, which can be seen in Figure 9.3(c).

Figure 9.33 shows the four wall yield loci of the TGB at various size fractions and
moisture contents on RC Al Sheet. The dry TGB samples on RC AL Sheet have a very
similar WYL irrespective of the particle top size of 4 mm or 16 mm. The wall yield loci
of the dry samples intersect at the origin displaying no cohesion and a constant φw.
Figure 9.33 clearly shows that the worst WYL is the moist minus 4 mm TGB sample,
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which displays the most cohesion. The moist bulk particle size distribution also displays
cohesion but after a normal stress of 2.6 kPa, the shear points and WYL are lower than
the wall yield loci of the dry TGB samples. The latter trend is also evident comparing
Figures 9.28 and 9.32. This indicates that adding water into the bulk sample reduces the
force to shear the product at higher normal pressures due to the wider particle size
distribution. However, this is not the case for the minus 4 mm size sample where the
force to shear the product increases over the range of normal pressures tested as shown
in Figure 9.33.
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Figure 9.33 Wall yield loci of dry and moist TGB with minus 4 mm and bulk particle
size distribution on CUMI-RC rubber backed alumina sheet measured on LSWFT
The variation of φw from the wall yield loci in Figure 9.33 are evaluated in Figure 9.34.
Figure 9.34 indicates that the highest wall friction angles are measured with the fine
proportion of the TGB sample and that once moisture is added to the bulk sample of
TGB, φw begins to decrease with increasing normal stress and display better wall
friction characteristics than that by dry TGB. Comparing φw of the TGB results on the
RC Al Sheet and Al Tile, RC Al Sheet generally displays similar or better wall friction
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characteristics than Al Tile. Thus the effects of the composite rubber between the
alumina ceramic inserts are trivial but when installed in industrial applications such as
chutes and feeders, the ability for the RC Al Sheet to create smooth curved surfaces will
enhance the performance of the wear liner. Alumina ceramic tiles installed on curved
surfaces tend to create segmented surfaces, which lead to potential uneven wear patterns
as shown in Figure 9.35 due the ricocheting effect as material flows around the curved
surface. However, if composite rubber wears away faster than the ceramic tiles to allow
particles to build up between the worn gaps, the performance of composite backed liners
is jeopardised.
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Figure 9.34 Kinematic wall friction angle φw of dry and moist TGB with minus 4 mm
and bulk particle size distribution on CUMI-RC rubber backed alumina sheet measured
on LSWFT

Figure 9.35 Example of wear pattern on transfer chute (hood) installed with alumina
ceramic tiles
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9.8.6

Discussion of trihydrate grade bauxite wall friction results

TGB does not display severe handleability problems compared to other bulk materials,
which consist of a high proportion of fine particles such as the magnetite concentrate.
When the TGB was tested dry, the difference between φw when examined with fine
particles only or with the full particle size distribution was trivial with the minus
4 mm size fraction generally displaying slightly worse wall friction characteristics. The
correlation between the JST and LSWFT was typically close but there was a notable
difference between the Al Tile results on the JST and LSWFT especially at low normal
stresses with dry and moist TGB samples. When water was added, the cohesion
between the TGB sample and wall sample increased where the minus 4 mm TGB at 18
percent moisture content displayed the worst wall friction characteristics on all the wall
samples. The variation of φw between the minus 4 mm and bulk particle size distribution
at σw = 10 kPa was minor but did increase at σw = 1 kPa.
The effects of the joints and mismatched surfaces of the alumina ceramic tiles did not
seem to affect the measured φw significantly. In some TGB and wall sample
combinations, greater wall friction angles were measured on the JST using a single tile.

Besides from Matrox, all the tests conducted on the LSWFT with dry TGB showed no
cohesion and the wall yield loci intersected with the origin on the τw - σw plot. The wall
yield loci of dry TGB measured on the JST always displayed cohesion but was not
excessive. Once water was added to the TGB samples, cohesion was present on the wall
yield loci for the various wall samples when tested on the LSWFT.

The measured wall yield loci of the TGB samples did not show a direct dependency of
φw on the surface roughness as SS 304-2B and Bisplate 400 have the lowest and highest
Ra respectively, but very similar wall friction characteristics. The best flow promotion
material was Matrox, which is plastic with a hardness less than the other ceramic or
metallic wall samples.
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9. 9 Wall friction testing of monohydrate grade bauxite
One of the main differences between the handability of TGB and MGB is the proportion
of fine particles within the bulk material. The percentage of particles less than 4 mm of
the TGB and MGB is approximately 36 and 24 percent respectively. With a greater
proportion of coarse particles, MGB would prove to be a challenge when conducting
wall friction tests on the JST. As outlined in Table 9.2, the test work of MGB was
limited to examining the MGB with the full particle size distribution both dry and moist
close to maximum strength conditions. Similar to the TGB, particles greater than
approximately 10 mm were removed from the JST shear cell where approximately eight
percent of the product had a particle diameter greater than 10 mm. Wall friction tests
were also conducted on RC Al Sheet with MGB but were only conducted on the
LSWFT.

Figure 9.36 shows the measured wall yield loci of dry MGB on various wall samples.
Figure 9.36 shows two distinctive sets of wall yield loci, one being the set tested on the
JST, which display similar but the worst wall friction characteristics and the other set
tested on the LSWFT, which display the best wall friction characteristics. The difficulty
of testing the dry MGB on the JST is apparent in Figure 9.36 where the deviation of the
shear points on the WYL is greater on the JST compared to the LSWFT especially for
the MGB on SS 304-2B.

Figures 9.36 and 9.37 show that less cohesion is measured on the LSWFT compared to
the JST where MGB on Al Tile and RC Al Sheet tested on the LSWFT shows no or
trivial cohesion. A cohesion stress of 0.3 kPa of the MGB on SS 304-2B as measured by
the JST is questionable and unrealistic as the material is free flowing when dry and only
fine dust particles would adhere to SS 304-2B at high inclination angles. MGB on the
various wall samples tested exhibited comparable wall friction angles but the measured
φw showed a strong dependency on the wall friction tester used and the size of the shear
cell.
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Figure 9.36 Wall yield loci of dry MGB on various wall samples measured on JST and
LSWFT
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Figure 9.37 Kinematic wall friction angle φw of dry MGB on various wall samples
measured on JST and LSWFT
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The deviation of φw measured on the JST and LSWFT at σw = 1 and 10 kPa is
highlighted in Figure 9.38. Although at low normal stresses φw tends to be sensitive and
increases rapidly with small decreases of normal stress, at σw = 10 kPa, where the
variation of φw becomes asymptotic, the difference between the JST and LSWFT φw is
up to five degrees. Even though the most conservative φw are provided by the JST and
would most likely result in reliable flow of product in bins and chutes, unnecessary over
design could reduce capacities of a bin and increase the height of bins and hoppers.
With conveyor transfers and inclined surfaces, high inclination angles reduce the
potential for blockages and material build-up but may increase the product stream
velocity and cause superfluous wear on the chute walls and conveyor belts, generating
spillage.
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Figure 9.38 Variation of kinematic wall friction angle φw of dry MGB on various wall
samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal stress σw
The difficulty of conducting wall friction tests using dry MGB with more coarse
particles on the JST is provided in Figure 9.39, which shows the measured shear force
response from repeated wall friction tests. The initial shear period before the normal
stress level is reduced has been removed from the shear responses in Figure 9.39 for
clarity. The ability to obtain convergence on the JST is difficult using the test procedure
outlined in the SSTT as there is no consistency of the steady-state shear forces where
the WYL has to be evaluated based on a poor set of data. Figure 9.40 shows the
equivalent shear force response on the LSWFT, which provides significant
improvements in the repeatability and quality of the wall friction measurements. Using
a large shear cell reduces the sensitivity and a fluctuation of the shear force
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measurements and provides more reliable and consistent results, suggesting that the JST
is not reliable for testing particles with a particle size distribution similar to the MGB.
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Figure 9.39 Sample of the shear force measurements of six successive wall friction tests
on JST of dry MGB on Bisplate 400
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Figure 9.40 Sample of the shear force measurements of four successive wall friction
tests on LSWFT of dry MGB on Bisplate 400
When moisture is added to the MGB, the difficulty to conduct wall friction tests is
reduced and the repeatability of the wall friction test increased as shown by the shear
points and wall yield loci in Figure 9.41. Unlike Figure 9.36, there are no two
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distinctive sets of wall yield loci measured on the JST and LSWFT. The correlation
between the JST and LSWFT is better in Figure 9.41 compared to Figure 9.36 and
variance of the shear points is lower, especially for the SS 304-2B.
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Figure 9.41 Wall yield loci of moist MGB on various wall samples measured on JST
and LSWFT, moisture content: 11% wb
Figures 9.42 and 9.43 show that the best wall friction characteristics were displayed by
the SS 304-2B and RC AL Sheet at low normal stresses but all the wall samples
displayed similar wall friction values at high normal stresses. The correlation between
the JST and LSWFT was much closer when the MGB was tested in a moist state
compared to when tested dry. On the Bisplate 400 and Al Tile, the JST measured
slightly higher wall friction values while higher values were measured on the SS 3042B with the LSWFT.
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Figure 9.42 Kinematic wall friction angle φw of moist MGB on various wall samples
measured on JST and LSWFT, moisture content: 11% wb
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Figure 9.43 Variation of kinematic wall friction angle φw of moist TGB on various wall
samples between JST and LSWFT at 1 kPa (left) and 10 kPa (right) normal stress σw,
moisture content: 11% wb
For the common wall samples measured with the full particle size distribution of TGB
and MGB, MGB exhibited slightly lower wall friction values at σw = 10 kPa but similar
or slightly greater wall friction values at σw = 1 kPa comparing Figures 9.32, 9.34 and
9.43. Due to the sticky nature of MGB by the presence of fine clay material, MGB
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exhibits slightly more cohesion and adhesion but both the TGB and MGB did not
exhibit excessive adhesion compared to the Mag Conc.

9. 10 Discussion
The work presented in this chapter has examined the accuracy and reliability of using
the JST and LSWFT to evaluate wall yield loci of PP, Mag Conc, TGB and MGB on
various wall samples at different moisture contents and particle size fractions where
applicable. Although conducting wall friction tests on the LSWFT generally took a long
time to conduct due to test preparation and the longer period for the bulk material to
homogenise and obtain initial steady-state shear, the shear response and repeatability of
the wall friction tests were typically better on the LSWFT. The JST often proved to be
difficult to obtain consistent results when testing dry products and bulk materials with a
wide particle size distribution, such as the TGB and MGB. As the LSWFT could be
semi-automated, operator variation and manual handling was reduced, which improved
the results, consistency and potential error of the LSWFT. A distinctive advantage of
the LSWFT was the ability to obtain large shear strain and longer steady-state shear
periods to gain true kinematic wall friction angles using wider particle size distributions
and representative wall samples.

For similar combinations of the wall samples and bulk material with a top size between
4 to 5 mm, the wall yield loci were very similar from the results of the JST and LSWFT.
However, there were some notable differences between the results from the JST and
LSWFT such as the Mag Conc at 12 percent moisture content on the Bisplate 400 and
the dry MGB on SS 304-2B, Bisplate 400 and AL Tile. Due to the limitation of the wall
friction tester to measure shear forces at low or zero normal stress, it is difficult to
directly measure cohesion with the current design arrangement and relies on
extrapolation of the WYL to the ordinate on a τw - σw plot. With free flowing materials,
the LSWFT in some cases predicted no or a trivial amount of cohesion between the bulk
solid and wall sample while, a greater amount of cohesion was predicted on the JST.
There were no obvious indications that the cohesion stress predictions on the LSWFT
were not realistic and plausible. Calibration and verification of the LSWFT was
conducted in Chapter 8 to minimise error and determine the accuracy of the machine
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and data analysis procedure. The potential error of evaluating Fs on the LSWFT due to
the linear bearings was deemed acceptable due to the variations generally experienced
when conducting wall friction tests with bulk materials. The potential error of φw on the
LSWFT was minor and the reliability of the measurements appeared to be no greater
than those experienced with the JST.

While a wider range of bulk material and wall sample combinations with varying
specifications, such as particle size distributions, top size, surface roughness, particle
shape, particle hardness and moisture content still need to be examined in future
research on the JST and LSWFT but results from this study suggest that:
•

φw does not have a direct correlation to the wall sample surface mean centreline
roughness Ra;

•

there can be a notable variation of φw depending on the top size of the bulk
material where conservative wall friction values are measured with the fine size
fraction of a bulk material, which correlates to the observations by Scott and
Keys (1992) and Prescott et al. (1999);

•

higher moisture content levels in a bulk material increases φw especially at low
normal stresses and increases cohesion and adhesion;

•

Matrox Classic and Matrox X tend to show the best wall friction characteristics;

•

the effects of joints and uneven protrusions on the Al tile and RC Al Sheet have
insignificant influence on the measured φw;

•

the recommendation by the SSTT and ASTM standard D 6128-06 that particles
with a diameter 20 times greater than the shear ring diameter should be removed
on the JST is well justified. Smaller ratios of dmax/Dcell improved the reliability
and repeatability of wall friction values which resulted in better stepwise shear
force measurements. Thus, scaling-up the shear cell size improved the ease of
conducting wall friction tests and evaluating collected data;

•

preconsolidation of the bulk material for wall friction testing is not as critical
compared to when conducting internal shear tests. If the bulk material was
marginally under consolidated on the LSWFT, conducting wall friction tests
tended to homogenise the bulk material and consistent results were obtained
after repeating several successive wall friction tests. If the steady-state shear
force levels began to continually decrease when conducting wall friction tests
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with moist materials, further testing was ceased as the material may have begun
to dry out;
•

shearing the shear cell forwards and backwards on the LSWFT as outlined in the
SSTT and ASTM standard D 6128-06 due to the limitation of the shear strain on
the standard JST made it difficult to obtain consistent results. With particular
bulk material and wall sample combinations significant reductions of the steadystate shear levels were observed and required successive wall friction tests to be
conducted continuously in one direction with no reversal of the shear table.

Some other properties that were not investigated but would be of interest include the
effect of shear rates greater than 2.54 mm min-1 and higher σw > 15 kPa but limited to
approximately 35 kPa on the LSWFT. The influence of an increasing contact stress
instead of a decreasing contact stress could be tested to examine the effects on the
WYL. It would also be of interest to investigate a smaller shear cell diameter of 200 mm
I.D. on the LSWFT and a method to reduce the lowest normal stress on the shear plane
to obtain more shear points closer to the ordinate on a τw - σw plot. Some slip-stick
phenomena were observed on the JST and LSWFT but with some bulk material and
wall sample combinations, slip-stick was only observed on the JST and not the LSWFT
with a shear rate of 2.54 mm min-1. The LSWFT has the potential to further examine
slip-stick phenomena and the effects of scaling up the shear cell dimensions.

The LSWFT assists to overcome the limitation of typically measuring the minus 4 mm
size fraction to provide wall friction data on bulk materials that may have a top size
much greater than 4 mm. As there is no wall friction data available on full particle size
distribution bulk solids. Often conservative wall friction angles are utilised for
continuum and numerical approaches to design storage and flow facilities. The LSWFT
provides the capability to measure “as received” products with a wider particle size
distribution and top size of approximately 20 to 25 mm without having to spend a great
deal of time drying (if required), sieving the product and readjusting the moisture
content to the correct conditions. Handling and preparation of a moist product for wall
friction testing according to the SSTT can easily change the characteristics of the
product by drying, sieving and wetting the product.
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The measurement of wall friction characteristics between discrete particles and
boundaries in DEM models is critical and often governs the performance and reliability
of bulk material handling equipment. The LSWFT is a good instrument to measure wall
friction for calibration of coarse representative products modelled using DEM in large
scale applications.

Chapter 11 provides a case study modelling the flow of TGB and MGB through an
industrial scale conveyor transfer station where the results of the wall friction tests
conducted on the LSWFT have been utilised to determine and calibrate the static
friction µ s.p.w, cohesion energy Ce and surface energy γ of dry and moist bauxite
particles on boundary surfaces. Chapter 10 also validates the wall yield loci computed in
DEM simulations of a LSWFT against the results obtained from the equivalent physical
tests conducted in this chapter.
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Chapter 10 - Validation of DEM particle-to-boundary interactions via wall friction simulations

10. 1 Introduction
Modelling the interaction between particles and boundaries is of great interest and
importance in many DEM applications where boundary failure conditions dictate the
flow behaviour and velocity gradients of a bulk material. Calibration of the relationship
between the normal wall stress and shear stress is required to obtain reliable DEM
predictions. Bulk wall friction angles in DEM models are dependent on the mechanical
properties of the particles and boundary material as well as the constraints of the contact
models used, especially the tangential and rolling torque components. Section 7.11
investigated a simple and quick technique to calibrate the DEM material model of dry
and cohesive bauxite under low normal stress conditions. This chapter further examines
the parameters determined from the inclination test by conducting direct wall shear tests
to validate the accuracy of the inclination calibration technique and sensitivity of
particle-to-boundary parameters of the material model using the H-M, LSD and H-M
with linear cohesion contact models. The influence particle geometry has on wall
friction angles is also examined where results from the DEM simulations are compared
against the corresponding results from the LSFWT provided in Chapter 9.

10. 2 DEM parameters and work scope
Wall friction validation simulations were conducted based on the results obtained in
Chapters 7 and 9 for the bulk sample of dry and cohesive MGB. The test work
conducted with the MGB on Bisplate 400 using the LSWFT was utilised in this chapter
where a comparison of the wall yield loci obtained numerically and experimentally was
conducted. Wall friction simulations using the setup shown in Figure 10.1 were
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conducted using the H-M and LSD models for the particle-to-particle and particle-toboundary contacts to model the cohesionless or dry MGB. The H-M with linear
cohesion model was used to model cohesive MGB at maximum strength conditions.
Table 10.1 lists the various parameters for the bauxite particles and Bisplate 400 that
were implemented into the DEM models where several parameters are identical to those
utilised in Chapter 7. µ s p.w has been initially estimated based on the WYL of the dry
MGB measured with the LSWFT shown in Figure 9.36, where the same procedure has
also been adopted for inclination calibration process in Section 7.11.

The particle-to-particle interaction parameters for Particle A and B shown in Figure
10.1 were selected based on the developed material model using the flat bottom hopper
discharge test or material model B in Table 7.23 for cohesionless and cohesive MGB.
The LSD contact model was also examined to model the dry MGB where the material
model, developed with the H-M model for the particle-to-particle interactions was used
to approximate the particle-to-particle interactions using the LSD model.

Parameter

Table 10.1 Summary of DEM parameters
Value
Unit
Comment

ρs p

2300

kg m-3

Bauxite

ρs w

7630

kg m-3

Bisplate 400, measured

Ep

171.6

MPa

Bauxite, scaled from Table 7.1

Ew

207

GPa

νp

0.3

-

νw

0.3

-

µ s p.p

0.78

-

Bauxite-to-Bauxite

µ s p.w

0.48

-

MGB-to-Bisplate 400, see Figure 9.36

ep.p

0.4

-

Bauxite-to-Bauxite

ep.w

0.54

-

Bauxite-to-Bisplate 400, see Table A.4

Bisplate 400, approximated from (Callister 2003,
pp. 740)
Bauxite, approximated from (Gercek 2007)
Bisplate 400, approximated from (Callister 2003,
pp. 744)
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10. 3 Particle size distribution and particle shape representation
To investigate the influence of particle geometry and the moment of inertia on wall
friction angles of an assembly of particles, three different particle geometries (referred
to as Particle A, B and C), shown in Figure 10.1, were used to model the MGB. Particle
A and B, which are the simple spherical particles, and the 4-sphere non-spherical
particle were used in Chapter 7. Particle C is a 3-sphere non-spherical particle that has a
greater aspect ratio and “blockiness” compared to Particle B. It was also examined even
though the MGB particles are mostly spherical as illustrated in Figure 7.2. The aim of
using three particle shapes was to examine the variation in the bulk behaviour of the
assembly of particles using the different shaped discrete elements to model the MGB as
a bulk sample. The particle size distribution of Particle A and B used in the DEM
models is shown in Figure 7.4 and a very similar size distribution was used for Particle
C where the mean minor particle diameter ( d = 18 mm) of the spherical elements is
slightly less than the smallest spherical element of Particle A and B.

(a)

(b)

(c)
Figure 10.1 Mean particle shape representation of MGB for wall friction DEM models (a) Particle A, (b) Particle B and (c) Particle C
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10. 4 Setup of DEM wall friction models
Wall friction simulations were conducted using a Jenike type direct shear tester and a
similar technique described in the SSTT. As the particle size distribution of the particles
which are used to model the MGB have been scaled up by approximately a factor of
four, the geometry of the shear cell has also been scaled up by a factor of four based on
the LSWFT 300 I.D. shear cell. The diameter and depth of the shear cell in the DEM
models was 1.2 and 0.2 m respectively and the cover diameter was based on 98 percent
of the ring diameter. Numerical wall friction tests were conducted as follows:
1. Particles were placed into the shear cell where a retainer was used to retain
excess particles.
2. Excessive particles were removed from the simulation domain by adjusting the
domain boundaries but a small layer of particles above the top of the ring was
left to allow for compaction of the particles.
3. The particle assembly was consolidated by lowering the cover to the top of the
particles where a normal consolidation force Fn (equivalent to 15 kPa) was
applied to the shear cell using a custom servo mechanism in EDEM.
4. The cover was twisted for approximately 3 seconds using sinusoidal rotation
(rotation = 22 degrees, frequency = 3 Hz) to consolidate the particles as depicted
in Figure 10.2 while subject to Fn. Upon completion of the consolidation, there
were approximately 28 500, 19 800 and 18 500 particles in the shear cell of
Particle A, B and C respectively.
5. Once the particles were consolidated, Fn was reduced to the initial Fn for
shearing and the shear velocity of the Bisplate 400 was set. Similar to the
LSWFT, the shear cell remained stationary while the Bisplate 400 (modelled
using a flat plane) was sheared under the shear cell.
6. When steady-state shear was achieved, Fn was reduced and shearing continued
until the lowest Fn was complete.
Conducting numerical wall friction tests was a time consuming process, especially as Fn
had to be manually changed once steady-state shear occurred by simple custom
programming of the EDEM input file as forces could not be directly applied in the
EDEM versions used for this research. To minimise the number of simulations that
needed to be conducted, four normal pressures of 10, 5, 2.5 and 0.5 kPa were applied to
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the cover. Figure 10.3 shows a sample of the measured normal force on the wall sample
or shear plane that indicates the servo mechanism applying the normal force to the cover
is satisfactory and steady. The cover and ring were assigned the same mechanical
properties of the Bisplate 400. However, µs p.w = 0.01 and µr p.w = 0.01 was allocated
between the particles and ring to maximise the normal force transferred from the cover
to the shear plane. Unlike the procedure outlined in the SSTT, the shear points measured
from all the shear test simulations conducted at different normal wall pressures were
used in this analysis to develop a WYL. Generally, the initial shear point is ignored
when analysing the WYL in a laboratory but due to the limitation of the number of
simulations conducted, it was not ignored.

Figure 10.2 Preconsolidation of MGB particles in shear cell

10. 5 Selection of shear rate
The rate at which the Bisplate 400 is sheared greatly dictates the computational time
required. A shear rate Vs identical to the LSWFT would be ideal to obtain equivalent
results numerically and experimentally. However, Figure 10.3 shows the DEM results
from a series of simulations where Vs = 2.54 mm min-1 using Particle C from Figure
10.1. The main observation to note from Figure 10.3 is the large amount of time
required to initially obtain steady-state shear and length of time required to complete the
full test. Particle C, which has the best blockiness factor and obtains the best results
(discussed in Section 10.6), still requires over 200 seconds of real time that takes days
to solve on a standard workstation. Thus, Vs = 2.54 mm min-1 is not feasible to conduct
a large number of simulations.
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When the shear rate on the LSWFT was increased, it was observed that the steady-state
shear force was obtained more quickly. For this investigation, Vs has been increased to
0.005 m s-1 (300 mm min-1) and 0.05 m s-1 (3000 m min-1) in the DEM models to
significantly reduce the computational time required. However, there was a limitation of
Vs in the DEM models as excessive Vs made it difficult to contain the particles in the
shear cell as particles would be sheared towards the back of the shear cell, causing the
lid to lift and particles to fall out of the cell. To maintain better stability during the shear
process, a minimum normal pressure of 0.5 kPa was applied to the cover to help retain
the particles in the shear cell.
Shear rates greater than 0.05 m s-1 or 2.54 mm min-1 occur in many bulk material
handling applications and validating wall friction angles at greater shear rates is more
relevant to accurately calibrate the DEM models. As shear rates on the LSWFT are
restricted to approximately 50 mm min-1, it was not possible to measure the WYL of the
bauxite at a shear rate up to 0.05 m s-1. The assumption that the WYL measured at Vs =
2.54 mm min-1 on the LSWFT is sufficient to use in the DEM models (to estimate µs p.w
and compare results against) where the shear rates are much greater was adopted for this
study.
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Figure 10.3 Measured normal and shear force at shear plane from wall friction test Particle C, Vs = 2.54 mm min-1, µr p.w = 0.01, µs p.w = 0.48, ∆t = 32.5 µs
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10. 6 Results
10.6.1 Cohesionless MGB

To validate and examine the ability of DEM to model the particle-to-boundary
interactions, a series of simulations were conducted using the H-M and LSD contact
models to assess the accuracy of the material model developed using the inclination
tester, which was examined in Section 7.11. The majority of the DEM simulations were
conducted using µs p.w = 0.48 and µr p.w determined from Table 7.25 for Particle A and B.
Although Particle C was not examined in Chapter 7, DEM inclination simulations were
performed to determine a suitable value of µr p.w, where the particles slipped between an
angle of 25 to 27 degrees. Due to the blockiness of Particle C, slip occurred close to the
static friction limit (µs p.w = 0.48 or 25.6 degrees) with µr p.w = 0.01 unlike Particles A
and B, where slip occurred prior to 25.6 degrees requiring additional rolling resistance.
Thus µr

p.w

= 0.01 was sufficient for Particle C to define the rolling torque required

between the particles and Bisplate 400.

The key parameters and variables that were examined in this section were the particle
shape, contact model, Vs, ∆t and the sensitivity of µr p.w and µs p.w. Figures 10.4 and 10.5
show the measured wall yield loci using Particle A, where Vs varied from 0.05 to 0.005
m s-1 respectively. A disadvantage of scaling up the particle size distribution and mass
of particles in the shear cell is the minimum normal pressure that can be obtained on the
shear plane. As a minimum normal pressure of 0.5 kPa was applied to the cover, the
normal wall pressure during the DEM simulations ranged between approximately 4 and
13.5 kPa, as depicted in the majority of the figures in this section. Figures 10.4 and 10.5
show a notable variation between the experimental WYL and DEM WYL at normal
pressures above 8 kPa. As Particle A is spherical, particle rotation is present and does
not allow the particles to purely slide and reach the static friction limit of the tangential
component of the H-M contact model. Figures 10.4 and 10.5 show that ∆t has a great
influence on the WYL and the total shear force measured between the particles and
Bisplate 400 where a better correlation between the experimental and numerical results
occur using a smaller ∆t. The ∆t used in the DEM models in Figures 10.4 and 10.5 were
64.9 µs (0.5tr), 39 µs (0.3tr) and 13 µs (0.1tr), which demonstrate that a ∆t calculated
based on 0.3tr is sufficient to obtain reasonable results as the computed difference
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between the wall yield loci using 0.3tr or 0.1tr is minor. However, using ∆t = 0.1tr
required additional iterations and computational time to complete the DEM models.
Using Particle A, there is minor difference between the wall yield loci when Vs = 0.05
or 0.005 m s-1 comparing Figures 10.4 and 10.5.

Increasing µs

p.w

to 1 in an effort to increase the shear force limit at the shear plane

proved to be a simple method to obtain a better correlation between the experimental
and numerical wall yield loci, as shown in Figure 10.4. However, when µs p.w = 1, there
is a rapid increase of the total shear force to a maximum stress level, which gradually
decreases to a steady-state value similar to the other DEM results at σw ≈ 13.3 kPa,
shown in Figure 10.4. Figure 10.4 also only shows three shear points for the DEM
models when µs p.w = 1 as particles began to translate towards the back of the shear cell
causing the cover to lift and particles to fall out. When this occurred, the DEM
simulation of the last shear point had ceased. Thus, increasing µs p.w is not an ideal or
realistic method to obtain better numerical wall friction angles or WYL. Alternative
techniques are required such as increasing the moment of inertia of a particle by
modelling the particle with greater non-sphericity.
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Figure 10.4 Wall yield loci using H-M contact model - Particle A, Vs = 0.05 m s-1,
µr p.w = 0.25
Figure 10.6 shows a comparison between the measured wall yield loci where Vs = 0.05
m s-1 using the H-M and LSD contact model. The contact stiffness of the H-M and LSD
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models differ where the contact stiffness of the LSD was examined at different values of
Vn,rel (see Equation 2.27) being 0.05 and 1 m s-1. As highlighted in Figure 10.6, the wall
yield loci were almost identical using Particle A and the H-M or LSD model where
there is trivial difference using Vn, rel = 0.05 or 1 m s-1.
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Figure 10.5 Wall yield loci using H-M contact model - Particle A, Vs = 0.005 m s-1,
µr p.w = 0.25, µs p.w = 0.48

Shear Stress (kPa)

10
8
Exp

6

H-M
LSD Vrel=0.05m/s

4

LSD Vrel=1m/s

2
0
0

2

4

6

8

10

12

14

Normal Stress (kPa)

Figure 10.6 Comparison of wall yield loci using H-M and LSD contact models Particle A, Vs = 0.05 m s-1, µr p.w = 0.25, µs p.w = 0.48, ∆t = 39 µs
A series of simulations were conducted in Figure 10.7 where the rotation of the
spherical particles was limited or capped to a specified angular velocity to examine the
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variation of the steady-state shear force when Vs = 0.005 m s-1. Although ∆t is slightly
greater than the ideal ∆t, Figure 10.7 shows that bulk shear force correlates better to the
friction limit (µs

p.w

= 0.48) when the angular velocity is reduced and greater sliding

occurs of the spherical particles. Increasing µr p.w to prevent particle rotation is not as
effective as limiting the particle angular velocity and will exacerbate the residual
rotational kinetic energy when the particles are quasi-static. Limiting the particle
angular velocity is not a recommended technique to compensate for irregularity of
particle geometry as it creates unrealistic bulk behaviour in other applications of DEM,
such as confined flow in hoppers. However, this investigation highlighted the
limitations of using spherical particles to model the bulk flow of granular materials,
especially when fine particles are not modelled in the DEM simulations, which help to
increase the strength of a bulk material and reduce particle rotation in reality. Modelling
the particles with a degree of blockiness will help to prevent excessive particle rotation.
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Figure 10.7 Comparison of shear force when angular velocity is capped using H-M
model - Particle A, 10 kPa applied to cover, Vs = 0.005 m s-1, µr p.w = 0.25, µs p.w =
0.48, ∆t = 64.9 µs
Figures 10.8 and 10.9 show the computed wall yield loci using Particle B where Vs =
0.05 and 0.005 m s-1 respectively. Using ∆t calculated based on 0.3tr (36.1 µs) and 0.1tr
(12 µs) shows an improvement of the wall yield loci using Particle B especially using a
smaller ∆t. A greater shear force is measured when a greater Vs is used, which can be
seen comparing Figures 10.8 and 10.9. Once again, the correlation between the DEM
and experimental results is better at lower normal wall pressures. A smaller µr p.w = 0.01
has also been examined in Figures 10.8 and 10.9, which show trivial differences to the
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wall yield loci computed using µr p.w = 0.2. Figure 10.10 provides a comparison of the
H-M and LSD contact models using Particle B, where similar wall yield loci are
achieved using the H-M and LSD models. As Particle B has a large sphere in the middle
of the particle and is surrounded by three spheres (see Figure 10.1(b)), there is still
ability for the particle to roll with ease, which still does not provide a perfect correlation
between the experimental and DEM results. Since the particles can interlock better, an
improvement of the results occurred by increasing the blockiness of the particles.
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Figure 10.8 Wall yield loci using H-M contact model - Particle B, Vs = 0.05 m s-1,
µs p.w = 0.48
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Figure 10.9 Wall yield loci using H-M contact model - Particle B, Vs = 0.005 m s-1,
µs p.w = 0.48
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Figure 10.10 Comparison of wall yield loci using H-M and LSD contact models Particle B, Vs = 0.05 m s-1, µr p.w = 0.2, µs p.w = 0.48, ∆t = 36.1 µs
Figure 10.11 shows the results from a series of DEM simulations using Particle C. The
first observation from Figure 10.11 is the minor error between the DEM and
experimental wall yield loci when Vs = 0.05 m s-1 using the H-M or LSD contact
models. When Vs = 0.005 m s-1 or 2.54 mm min-1, the shear stress at σw ≈ 8 and 13.3
kPa is less than the experimental results and other DEM models where Vs = 0.05 m s-1.
At σw ≈ 4 and 6 kPa, all the shear points from the DEM models match the experimental
results well, as the static friction limit is reached when the particles slide against the
wall sample under a normal load. A DEM simulation was also conducted where µr p.w =
0.2, but µr

p.w

has shown not to be sensitive or generate instability during the wall

friction tests when µr p.w is increased.
To evaluate the influence of the particle shape (Particle A, B and C) on the bulk failure
of particles against a boundary, Figures 10.12 and 10.13 were generated to compare the
wall yield loci using the H-M model and ∆t = 0.3tr where Vs = 0.05 and 0.005 m s-1
respectively. The best results were obtained using Particle C followed by Particle B,
where non-sphericity was modelled into the particle shape, but varying the offset of the
spherical elements and number of spherical elements used. Spherical particles have
proven to be too simplistic to model the sliding interaction of dry bauxite against the
Bisplate 400 without incorporating an unrealistic technique to restrain the angular
velocity of the particles. When Vs = 0.05 m s-1, the WYL using Particle C is very linear
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compared to the WYL measured using Particle A and B, as depicted in Figure 10.12.
The shear rate also does influence the steady-state shear force and WYL, which is
evident comparing Figures 10.12 and 10.13, irrespective of the particle shape used.
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Figure 10.11 Comparison of wall yield loci using H-M and LSD contact models Particle C, µs p.w = 0.48, ∆t = 32.5 µs
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Figure 10.12 Comparison of wall yield loci using H-M contact model and different
particle shapes - Vs = 0.05 m s-1, µs p.w = 0.48
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Figure 10.13 Comparison of wall yield loci using H-M contact model and different
particle shapes - Vs = 0.005 m s-1, µs p.w = 0.48

10.6.2 Cohesive MGB

Modelling the cohesion and adhesion between a bulk material and wall surface is of
great interest in many applications to ensure that reliable flow occurs. It is rare that
bauxite is handled in a completely cohesionless condition resulting in a degree of
cohesion when water is added. The H-M with linear cohesion was used to model the
cohesion between the particles and Bisplate 400 where the DEM results were compared
against the WYL measured on the LSWFT with the MGB at 11 percent moisture
content, which is shown in Figure 9.41. The effects of cohesion between the particles
and the ring and cover have been neglected but the cohesion between the particles was
considered in this investigation. The magnitude of Ce p.w required for the DEM models
using Particles A and B were selected based on the results obtained from the inclination
tests and simulations of moist MGB, which are shown in Table 7.26. To examine the
sensitivity of Ce p.w, a value 1.5 times greater than the suggested value in Table 7.26 was
also used in the DEM models with Particles A and B.

Figure 10.14 and 10.15 show the wall yield loci from the DEM simulations of the wall
friction test where Vs = 0.05 and 0.005 m s-1 respectively, using the linear cohesion
contact model and Particle A. Figure 10.14 indicates that the linear cohesion added into
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the DEM models results in minimal increase of the shear stress between the particles
and wall sample where the WYL (Ce p.w = 0 J m-3) from Figure 10.4 has been plotted on
Figure 10.14 to provide a comparison. When Ce p.w is increased to 1.05 x 106 J m-3, a
good correlation between the experimental WYL and shear point at σw ≈ 4 kPa occurs.
However, when Vs = 0.005 m s-1 a difference is noted when the linear cohesion model is
incorporated into the DEM model, as an increase of the shear stress is observed in
Figure 10.15 when Ce p.w is increased. The error between the experimental and DEM
WYL is low when Ce

p.w

= 1.05 x 106 J m-3, which is much greater than the value

determined from the inclination test using Particle A. Figure 10.14 and 10.15 once again
shows ∆t has a great influence on the wall yield loci and shearing process, where a large
∆t produces poor results but ∆t ≤ 0.3tr seems to be adequate to obtain reliable and
consistent results.
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Figure 10.14 Comparison of wall yield loci using H-M with linear cohesion contact
model – Particle A, Vs = 0.05 m s-1, µr p.w = 0.25, µs p.w = 0.48
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Figure 10.15 Comparison of wall yield loci using H-M with linear cohesion contact
model – Particle A, Vs = 0.005 m s-1, µr p.w = 0.25, µs p.w = 0.48
When Particle B is used to model the cohesive MGB with Ce p.w = 8 x 105 J m-3, there is
an improved correlation between the experimental and DEM wall yield loci shown in
Figures 10.16 and 10.17, compared to the results when Particle A is used. When ∆t ≤
0.3tr, there is an increase of the shear stress when Ce p.w is increased irrespective of Vs,
where the wall yield loci are relatively linear compared to the wall yield loci using the
H-M model only shown in Figures 10.8 and 10.9. When Ce p.w = 1.2 x 106 J m-3, there is
an over prediction of the shear stress at σw ≈ 4 and 6 kPa when Vs = 0.05 m s-1 but at a
lower Vs = 0.005 m s-1, the errors between the experimental and DEM results are minor.
Reviewing Figures 10.16 and 10.17 indicates that Ce p.w = 8 x 105 J m-3 determined from
the inclination calibration test in Section 7.11 is sufficient to model the increased
cohesion between the MGB particles close to maximum strength conditions and
Bisplate 400, especially when Vs = 0.05 m s-1.
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Figure 10.16 Comparison of wall yield loci using H-M with linear cohesion contact
model – Particle B, Vs = 0.05 m s-1, µr p.w = 0.2, µs p.w = 0.48
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Figure 10.17 Comparison of wall yield loci using H-M with linear cohesion contact
model – Particle B, Vs = 0.005 m s-1, µr p.w = 0.2, µs p.w = 0.48
Inclination simulations using Particle C suggested that a minium Ce p.w ≈ 8 x 105 J m-3
was necessary in the linear cohesion model to obtain bulk slip of the particles on the
inclined plane between 44 and 50 degrees. Figure 10.18 shows that the cohesion
between the MGB particles and Bisplate 400 can be modelled adequately using the H-M
with linear cohesion model and Particle C. In fact Particle C obtains good linear wall
yield loci, which are dependent on Ce p.w. Figure 10.18 indicates that Ce p.w = 2 x 105

357

Chapter 10 – Validation of DEM particle-to-boundary interactions via wall friction simulations

J m-3 is more than adequate to obtain a great correlation between the experimental and
DEM wall yield loci when Vs = 0.05 and 0.005 m s-1. Under confined conditions, such
as the wall friction test, the required Ce

p.w

is much less than the estimated value

determined from the inclination calibration method where the contact forces are of
lower magnitude compared to the wall shear test. When using Particle C, greater
particle interlocking occurs, restraining the rotational behaviour and energy of the
particles compared to Particles A and B. As the particles can not rotate as easily, greater
sliding occurs between the particles and boundary, making the linear cohesion model
more sensitive to Ce

p.w

under confined conditions. Figure 10.7 shows that when the

rotational velocity of the particles is restrained by capping the angular velocity or
particle shape modelling, the shear force during the wall friction simulations can be
increased. Thus under rapid flow conditions, such as chute flow, where the coordination
p.w,

number is low and particles can rotate with more freedom, a conservative Ce

determined from the inclination calibration test, is still plausible but is too high for
compacted bed applications such as discharge from a silo where the wall pressures are
much greater.
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Figure 10.18 Comparison of wall yield loci using H-M with linear cohesion contact
model – Particle C, µr p.w = 0.01, µs p.w = 0.48, ∆t = 32.5 µs

358

Chapter 10 – Validation of DEM particle-to-boundary interactions via wall friction simulations

10. 7 Discussion
Numerical validations of direct wall shear tests were conducted in this chapter to
examine the normal wall and shear stress relationship using the H-M, LSD and H-M
with linear cohesion models to simulate the shearing of dry and moist MGB against
rough Bisplate 400. Due to particle scale-up, there was a limitation of the minimum
normal wall stress that could be investigated. As there are no physical limitations of
inverting the shear cell in a DEM model by changing the vector of the gravitational
acceleration or assigning a very solid density to the particles, there is scope for future
investigations to verify the cohesion of the particle assembly at low normal stress using
the scaled particle size distribution. Even though the size of the particles used in this
study were much larger than the bauxite particles, this study has shown that appropriate
selection and calibration of DEM parameters can achieve satisfactory, if not perfect
bulk behaviour of the bauxite shearing against a boundary surface. The important
observations and conclusions arising from this investigation are:

•

Spherical particles are too simplistic and roll too much during shear tests.

•

Modelling the particles with a greater degree of blockiness and non-sphericity
provides a better correlation between the experimental and DEM results as
particle rotation is mechanically restrained and does not reply on rolling torque
models to restrict rotation.

•

Particle C obtained the best bulk shear behaviour where the DEM wall yield loci
matched best to the experimental data when modelling the MGB in a
cohesionless and cohesive condition.

•

The rolling friction coefficient is not sensitive during the shear tests when µr p.w

≤ 0.25 and the rolling torque model used is not sufficient to retrain rotation of
the spherical particles.

•

The numerical time step is important during the confined shearing of particles as
strain rate and tangential velocity is critical to obtain reliable results from the
contact models.

•

The variation of the wall yield loci using the H-M or LSD contact model is
negligible.

•

The shear rate did affect the steady-state shear force where greater shear stresses
were generally greater with high shear rates. However, this was not the case
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when Particle A was used to model the cohesive MGB where greater shear
stresses were measured at Vs = 0.005 m s-1.

•

The variation of the wall yield loci is small when shear tests are conducted with
2.54 mm min-1 ≤ Vs ≤ 0.05 m s-1 using Particle C and the H-M model.

•

The approximation of µs p.w from the LSWFT using dry product and Ce p.w from
the inclination test seem sufficient to develop a rough DEM material model for
the particle-to-boundary interactions without having to conduct time consuming
wall shear tests. However when particles with a high blockiness factor are
utilised to characterise a bulk material, care is required when selecting Ce p.w to
model a cohesive product subject to high consolidation pressures.

This chapter has utilised the results from the LSWFT and assessed the accuracy of the
inclination calibration test to expand the development of the DEM material model of a
bulk material to model the static and dynamic interactions between the bulk solid and
boundaries. Chapter 11 investigates an industrial large scale conveyor transfer station,
which conveys moist bauxite, where the interactions between the particles and chute
wall are crucial for reliable functionality of the transfer station.
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11. 1 Introduction
Chapter 7 developed several sets of DEM material models to simulate the flow of dry
and moist bauxite under static and dynamic conditions. These material models were
developed using spherical and non-spherical particle shapes and incorporate the
particle-to-particle interactions as well as particle-to-boundary interactions. As there
was no unique set of parameters to model the bauxite using the particle shapes
examined in Chapter 7, this chapter assesses suitability of the developed material
models to model the flow of bauxite through two types of conveyor transfer stations. A
rock box type and inclined chute or spoon type conveyor transfer station are utilised in
this study as the flow regimes differ, making it ideal to assess the best calibration
technique to successfully model the flow of cohesive and sticky bauxite in large scale
industrial applications.

An industrial sponsor kindly allowed the author to conduct a case study using DEM to
identify the current bulk material flow problems on a critical high throughput conveyor
transfer station. The aim of this study was to verify the capability of DEM to predict the
current problems and using the outcomes from the preliminary simulations, develop
alternative structural changes to improve bulk material flow and the functionality of the
transfer station. Quantitative and qualitative verification of the DEM models were
conducted where possible using data collected from site, such as photos, measurements
and high-speed photography. DEM predictions were also validated using analytical and
continuum based models where physical data was not available to verify particle
velocities and trajectories.
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11. 2 Current situation and arrangement of the transfer station
A bauxite facility in Australia is currently experiencing numerous on-going problems
with a conveyor transfer station, which affects the operation and reliability of the
facility. The transfer examined in this thesis, shown in Figure 11.1, conveys product
from rail dump station to stock piles. It experiences product build-up leading to
plugging, costly downtime and house keeping. As a result, the conveying line is not
reliable and operates below design tonnage to minimise the chance of plugging and uses
water injection (see Figure 11.2(b)) to increase the flowability of product. This remedy
has its short comings as there are occasional problems with reclaiming product from the
stock piles, which hinders the ship loading process. Also water addition to the product is
costly, not only in terms of the cost to deliver water to the injection points and the water
usage itself but also because of the money lost in the reduced mass of dry product
exported.

The processing equipment and belt conveying systems at the bauxite facility were
designed and commissioned many years ago. However over the years, the
characteristics (particle size) and flow properties of the bauxite have changed due to
environmental factors (e.g. different exploration sites) and processing factors (e.g.
addition of water during beneficiation). This has made it more difficult to handle the
bauxite leading to flow problems.

Figures 11.1 and 11.2 show the transfer chute selected for this case study, where the
transfer station shown in Figure 11.1 is located between conveyor C1 and C2, which run
perpendicular to each other. The drop height from the top of conveyor C1 to the top
conveyor C2 is approximately 7.3 m. Detailed drawings of the transfer station are
provided in Figure D.1. Transfer station C1/C2 was designed to be a low maintenance
transfer station where material discharges from conveyor C1 then impacts a vertical
wall with a small ledge on the bottom (see Figure 11.2(a)), which allows material to
build up in the upper head chute. Product is then redirected into the lower section of the
chute through the lower upper chute (see Figure 11.2(b)) and into the rock box (see
Figure 11.2(c)), which consists of several large horizontal ledges that retain a large
amount of product. The material is then fed onto conveyor C2 through a V-plate in the
feed chute (see Figure 11.2(d)) to centralise the material.
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Figure 11.1 Conveyor C1 to C2 transfer station

(a)

(b)

(c)

(d)

Figure 11.2 General arrangement of C1/C2 transfer station – (a) upper head chute, (b)
lower upper chute (viewed looking down), (c) rock box and (d) feed chute
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Details of the conveyors and design specifications are listed in Table 11.1 as well as
Figure D.1.

Table 11.1 Summary of conveyor C1 and C2 specifications
Parameter

Conveyor C1

Conveyor C2

Belt dimensions (mm)

1800 W x 24 THK

1500 W x 19 THK

Vb (m s-1)

3.52

4.2

αd (deg)

3.04

-

Head pulley O.D. (mm)

786

-

Troughing angle (deg)

35

35

Belt transition length (mm)

2987

4200

Design throughput (tph)
Centre idler shell length (mm)

3400
631

531

Transfer station C1/C2 was built with a sampling system shown in Figure 11.3 where a
sampling chute cuts through the product stream below the upper head chute at regular
intervals for analysis. The sampling system consists of numerous drive assemblies,
chutes and conveyor belts, which are built around the transfer station (not entirely
shown in Figure 11.3). A tramp metal magnet is also present above the head pulley on
conveyor C1, which partially hangs into the upper head chute. Therefore, there are
numerous constraints limiting the changes that can be made to the chute and supporting
structure to improve material flow.

To conduct DEM simulations of the large scale transfer station, a 3-D CAD model was
developed by the author using final manufacturing drawings and site measurements as
depicted in Figure 11.3. The chutes of the transfer station are lined with Bisplate 400
plates to protect the chute, which have been included in the CAD model shown through
the grey surfaces. However, the CAD model shown in Figure 11.3 was simplified where
only critical surfaces were modelled and imported into EDEM as illustrated in Figure
11.7.
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Figure 11.3 3-D CAD model of C1/C2 transfer station

With the current design arrangement and the large drop height from the upper head
chute to the rock box, which consolidates the product in the rock box upon impact,
transfer station C1/C2 suffers from the following problems:

•

the far wall of the upper head chute is too close to the head pulley of C1, which
causes the material to flow non-symmetrically into the rock box and leads to
build-up problems (see Figure 11.4(a));

•

due to segregation and restriction of flow because of the V-plate, dead regions
are eventually created, which lead to plugging and non-central loading onto
conveyor C2 (see Figure 11.14(b));

•

when blockages occur (at regular intervals), the lower section of the chute is
washed out as shown in Figure 11.14(d) to remove the blockage or prevent the
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chute from plugging. The material between the horizontal ledges is usually
heavily consolidated from the impacting product, and requires a high pressure
hose to remove the bauxite (see Figure 11.14(c));

•

although V-plates or V-profiles are good for centralising material flow, they are
not ideal for cohesive materials as they restrict product flow and force the
product to flow through the V. The V-plate in the feed chute is situated about
700 mm above conveyor C2, which causes the material to almost drop vertically
from the feed chute and “splat” onto the conveyor belt and the skirting leading to
eventual wear of the skirts and belt cover;

•

as shown in Figures 11.13 and D.1, the effective inclination through the rock
box and feed chute or the slope of the upper surface of the ore stream is rather
low, which reduces the material stream velocity and exacerbates the slow buildup of material. Bulk materials generally flow better against smooth surfaces
instead of shearing against itself, therefore large inclinations are required to
ensure cohesive materials will maintain momentum and rapid flow.

To validate the DEM models, data from the transfer station was collected including
photos and high-speed photography, as depicted in Figure 11.5(a). Due to the hostile
environment around the transfer station and hazards such as water, splatter from the
product, sampling system, high-speed conveyors and moving parts, only limited data
acquisition was possible without damaging equipment or having to remove guards
(which requires isolation of the conveyor line and disrupts production). Although it was
not possible to obtain substantial amounts of data, photos of the operation of the transfer
station were taken and the average particle velocity of the stream at accessible points
was measured using a high-speed camera. The velocity of the material stream just below
the lower chute and mid-way along one side of the feed chute was measured using
particle tracking software (Image-Pro Plus) as illustrated in Figure 11.5(b). Based on
the free fall of particles from the upper head chute, the velocity of the particles just
below the lower chute does provide an estimate of the particle velocity just after impact
in the upper head chute.
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(a)

(b)

(c)

(d)

Figure 11.4 Bulk material flow problems with C1/C2 transfer station – (a) nonsymmetrical flow, (b) development of dead zones, (c) build-up of compacted bauxite in
rock box and (d) constant hosing to clean chute to prevent blockages

(a)
(b)
Figure 11.5 Measurement of average particle velocity – (a) setup of high-speed
camera, (b) example of particle tracking of stream below the lower chute
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11. 3 DEM implementation
The H-M, linear cohesion and JKR contact models have been implemented in this
chapter to model the bauxite. The TGB was only examined as it displayed the worst
flowability characteristics and is more difficult to handle according to the facility
operators. The spherical and shaped particles examined in Chapter 7 and shown in
Figure 7.5(a) and (b) respectively were examined to evaluate any differences of particle
shape representation on a large scale. The material models using the H-M with linear
cohesion and JKR models developed in Chapter 7, which is summarised in Table 7.22
for the particle-to-particle interactions using the swing-arm slump test (MM-A) and the
flat bottom hopper discharge test (MM-B). The suggested parameters for the particle
interactions with the Bisplate 400 liners are also listed in Tables 7.25 through 7.27.

The mechanical and other relevant parameters used in the DEM models are previously
listed in Tables 7.2 and 10.1 for the TGB and Bisplate 400. Additional parameters
utilised in the DEM model of the transfer station are also provided in Table 11.2, such
as the mechanical properties of the rubber conveyor belt and interactions of the TGB
with the conveyor belt. The boundary surfaces of the transfer station have been limited
and assumed to be either rubber conveyor belt or Bisplate 400, which the particles
interact with. µ s p.w between the TGB and Bisplate 400 was estimated from the WYL
conducted using a bulk sample of dry on LSWFT, shown in Figure 9.27. The particle
size distributions shown in Figure 7.3 were implemented to model the spherical and
shaped particles.

For the large scale simulations, which consist of a large number of particles and have
high collision velocities > 10 m s-1, ∆t = 0.2tr was adopted in the DEM simulations to
retain stability in the models. ∆t ≥ 0.3tr was found to be excessive in the DEM models
of the large simulations, resulting in excessive normal overlap and erratic dynamic
behaviour of the particles that caused an explosion-like phenomena.
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Table 11.2 Summary of additional DEM parameters used in case study
Parameter

Value

Unit

Comment

ρs w

1000

kg m-3

Conveyor belt, assumed

Ew

2.9

MPa

Conveyor belt, assumed

νw

0.45

-

Conveyor belt, assumed

µ s p.w

0.58

-

TGB-to-Bisplate 400, see Figure 9.27

µ s p.w

0.58

-

TGB-to-Conveyor belt, measured using JST

ep.w

0.54

-

TGB-to-Bisplate 400, see Table A.3

ep.w

0.41

-

TGB-to-Conveyor belt, see Table A.3

Ce p.w

1.2 x 105

J m-3

TGB-to-Conveyor belt

11. 4 Verification of wall friction angles
Friction between the TGB and wall liners is a key property for the reliable design and
modelling of chutes. Chapter 10 extensively examined wall friction angles using the
H-M with linear cohesion to model cohesive MGB, that showed the limitations of using
spherical particles and the advantages of utilising non-spherical particles. This chapter
has focused on using the shaped particle (Figure 7.5(a)) and a series of DEM wall
friction simulations were conducted using the shaped particle and H-M with cohesion
and JKR model as seen in Figure 11.6. Using Vs = 0.005 m s-1, a reasonably good
correlation between the DEM and experimental wall yield loci exists when
Ce p.w = 7 x 105 J m-3 (H-M with linear cohesion) and γp.w = 5 J m-2 (JKR) for σw < 6
kPa. The latter values are close to the values approximated using the inclination test in
Tables 7.26 and 7.27 and have been used for the work conducted in this chapter. A
sensitivity analysis of the Ce p.w and γp.w has also been performed to examine the affects
on the particle stream velocity.
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Figure 11.6 Comparison of wall yield loci using H-M with linear cohesion and JKR
contact models with shaped TGB particles - Exp moisture content: 16%,
Vs = 0.005 m s-1, µs p.w = 0.58, µr p.w = 0.05, Ce p.p = 7 x 105 J m-3 or γp.p = 90 J m-2

11. 5 DEM models of current design
The setup of the geometry and DEM model of the current design of conveyor C1/C2
transfer station is shown in Figure 11.7. Particles were initialised into the simulation
domain using a similar setup shown in Figure 6.10 where a plane upstream of the head
pulley was designated as the particle injection plane. Particles entered the simulation
domain parallel to the conveyor C1 with an initial velocity of 4 m s-1 to improve the
efficiency of the particle injection process and provide sufficient space for newly
generated particles. As shown in Figure 11.7, there is a large quantity of stationary
particles in the horizontal ledges of the rock box, which creates an inclined surface for
the product to flow against. To reduce the total simulation time required to obtain
steady-state conditions, a large number of particles were placed into the rock box by
filling a specific volume with particles to create this stationary layer at t = 1 second.

The parameters used in the DEM models and results from the simulations of the current
design are summarised in Table 11.3 for DEM model number 1 to 6. Figure 11.7 shows
the position of various bins that were used to evaluate the average particle velocity (Bin
A1 to A5) and the distribution of particles on conveyor C2 (Bin B1 and B2) at t = 7, 7.2,
7.4, 7.6 and 7.8 seconds, where steady-state conditions occurred. Bin A3 and A4 have
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been approximately positioned where the velocity of the particle stream was measured
on site and Bin A4 is only placed several particle diameters below the surface. Bin A5 is
positioned just below the bottom edge of the V-plate to measure the exit velocity of the
particle flow from the feed chute. The axis orientation of the DEM models can be seen
in Figure 11.7, which is required to identify the components of the particle velocities
listed in Table 11.3.

Figure 11.7 Binning details of conveyor C1/C2 transfer station

Figures 11.8 and 11.9 show the DEM simulation of transfer C1/C2 using the calibrated
material model (MM-B) of TGB at maximum strength conditions using the H-M with
linear cohesion (DEM 4) and JKR (DEM 6) models respectively. Figures 11.8 and 11.9
clearly show the non-symmetrical flow of bauxite into the feed chute and correlates well
to the observations in Figure 11.4(a). Comparing Figures 11.8 and 11.9, the differences
between the two contact models is minor when comparing the overall flow patterns.
However, one distinct difference observed was the flow behaviour of the free falling
particles from the upper head chute into the rock box where a nice consistent rain fall
effect is shown in Figure 11.8(a) using the linear cohesion model while greater particle
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adhesion is present using the JKR model in Figure 11.9(a). As there were no safe access
hatches on C1/C2 transfer station, it was not possible to verify the latter observation but
with wet and sticky bulk materials, this observation is plausible. The upper head chute is
designed to be a low maintenance chute as product impacts on itself from the build-up
of bauxite on the small horizontal ledge. This creates a flow-round zone and a
distinguishable “buffer” zone above the inflowing particle stream that is present in the
DEM models shown in Figures 11.8(b) and 11.9(b), which is also present in reality
confirmed in Figure 11.10(a).

Although the upper head chute works well to redirect the bauxite, which can be seen in
Figures 11.8 and 11.9, the positioning of the far wall and horizontal ledge is not ideal as
the bauxite is not fed into the centre of the lower chute section. Reviewing Figures 11.8
and 11.9, it would be ideal to reposition the horizontal ledge in the upper head chute but
due to the belt velocity of conveyor C1 and the sampling system, it is not possible to
easily reposition the far wall and horizontal ledge.

One of the main causes of the flow problems in transfer C1/C2 is the insufficient angle
of flow through the rock box and feed chute, causing the material to decelerate and form
dead regions. Figures 11.8 and 11.9 show the DEM predictions of the material flow
through the lower section of the chute where there is a slow build-up of product caused
by the V-plate, that leads to eventual plugging. The cross-sectional area between the
rock box and feed chute is low, which causes the product to easily build-up and plug
against the cross members that brace the chute as shown in Figure 11.4(a). When the
product begins to decelerate and more material is retained in the rock box and feed
chute, the angle of flow quickly begins to reduce, which exacerbates the flow problems.
To predict these flow problems using analytical methods and continuum mechanics is
difficult, and trying to visualise the flow behaviour is even more of a difficult task.
Although DEM is usually only used to model steady-state particle behaviour over short
periods (less than 30 seconds), it is not feasible to model the gradual build-up of
material over long periods (> 10 minutes) where effects of moisture migration, build-up
of fine material and dead zones that cause plugging. However, the DEM simulations do
show a gradual increase in the free surface over the short simulation period, which is
clear enough to suggest that the depth of the free surface will increase and block the
chute.
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(a)
(b)
Figure 11.8 DEM model of the flow of bauxite through conveyor C1/C2 transfer station
using shaped particles and H-M with linear cohesion contact model viewed from (a)
front and (b) side – DEM 4 from Table 11.3

(a)
(b)
Figure 11.9 DEM model of the flow of bauxite through conveyor C1/C2 transfer station
using shaped particles and JKR contact model viewed from (a) front and (b) side –
DEM 6 from Table 11.3
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Table 11.3 provides a comparison between the DEM models using spherical and shaped
particles as well as modelling the bauxite in a cohesionless and cohesive state using the
linear cohesion and JKR model. Comments from Table 11.3 include:

•

the discharge velocity of the particles off the head pulley is approximately 3.53
m s-1 in all the DEM simulations, that is slightly greater than Vb = 3.52 m s-1 as
particles were placed onto conveyor C1 with a higher initial velocity than Vb;

•

the average particle velocity just below the horizontal ledge in the upper head
chute (Bin A2) is relatively consistent between all the DEM models;

•

the average particle velocity just below the lower chute (Bin A3) is also
relatively consistent between all the DEM models but there is approximately a
1 m s-1 difference between the DEM and the experimentally measured particle
velocities where the DEM predictions are greater;

•

there is a noticeable difference between the average particle velocity measured
approximately mid-way through the feed chute (Bin A4) when the bauxite is
modelled using spherical (DEM 1) and shaped (DEM 3) particles in a
cohesionless state and with cohesion (DEM 2, 4, 5 and 6). Comparing the
experimentally measured range of the particle velocity of the moist bauxite
against DEM results, the best correlation is seen with DEM 4 and 6 (MM-B);

•

the average magnitude velocity of the particle exiting the feed chute (Bin A5)
displays some minor variations between the DEM models where the velocity
tends to increase as Ce p.p or γp.p and µr p.p is increased;

•

the slip velocity (i.e. Vb – Vx) between the particles and conveyor C2 is
approximately 3 m s-1 from the DEM predictions, which is not ideal for belt
wear and presentation of the bauxite onto C2. Also due to the drop height from
the feed chute to conveyor C2 and high vertical velocity Vz from the feed chute,
the material tends to flatten out upon impact shown in Figure 11.10(b), causing
the material to flow onto the skirting;

•

the V-plate is effective to evenly present the bauxite onto conveyor C2,
indicated by the percentage distribution of the total particles in Bin B1 and B2.
When the bauxite is cohesionless (DEM 1 and 3), there is minor bias loading
towards Bin B1 as the direction of particle flow is towards Bin B1 in the rock
box and feed chute from the non-symmetrical flow of particles in the lower
chute section.
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Table 11.3 Comparison of the particle velocity between the DEM models and experimental measurements of particle flow conveyor C1/C2
transfer station – ms = 3400 tph
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(a)

(b)

(c)

(d)

Figure 11.10 Flow patterns through conveyor C1/C2 transfer station - (a) upper head
chute, (b) profile of bauxite on conveyor C2, (c) build-up of bauxite in rock box and (d)
build-up of bauxite in feed chute
Reviewing Table 11.3, there is no clear indication whether the spherical or shaped
particles are best to model the particle flow through the chute configuration shown in
Figure 11.3. Although the variation of the results using MM-A (DEM 4) and MM-B
(DEM 5) was only examined using the shaped particles, there is also no significant
differences between the DEM models using the different material models when
comparing average particle velocities. Thus, a comparison between the profile of the
particles from the various DEM model on conveyor C2 has been provided in Figure
11.11 and a comparison of the profile of the free surface in the rock box and feed chute
once the flow ceased has been provided in Figure 11.12. Comparing Figure 11.10(b)
and 11.11, the profile of the particles on conveyor C2 of DEM 2, 4 and 6 best correlates
to Figure 11.10(b). It also suggests that DEM 5, which uses MM-A that has a higher set
of values for Ce p.p and µr p.p, is a little too excessive and MM-B is more ideal.
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(a)

(b)

(c)

(d)

Figure 11.11 Comparison of the particle profile on conveyor C2 – (a) DEM 2, (b) DEM 4,
(c) DEM 5 and (d) DEM 6 from Table 11.3

(a)

(b)

(c)

(d)

Figure 11.12 Comparison of the particle profile in the rock box and feed chute once flow
has ceased – (a) DEM 3, (b) DEM 4, (c) DEM 5 and (d) DEM 6 from Table 11.3
Comparing Figures 11.10(c) and (d) against Figures 11.12 (b), (c) and (d), it is evident
that DEM 4 and 6 once again compare well to the observation from site once flow has
ceased and stationary piles of bauxite are formed in the rock box and feed chute. Figure
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11.12(c) or DEM 5 shows that the slope and quantity of particles in the rock box and
feed chute is excessive and unrealistic over the 12 seconds that the DEM simulation was
run. Evaluating the results presented in Table 11.3 and Figures 11.11 and 11.12, it is
evident that the material model developed using the flat bottom hopper discharge test
and shaped particles provides the best bulk behaviour for this rock box type conveyor
transfer station where the particle flow behaviour is governed by the particle-to-particle
interactions.

11. 6 Development of Concept A
There are many types of chutes used in industry and trade offs are made in the selection
of chutes. For example, chutes that have rapid flow and are self-cleaning often
experience higher liner wear while chutes that contain material using ledges have lower
wear rates but greater flow problems especially if the product is cohesive. Numerous
concept designs were developed and evaluated ranging from insert designs to full
replacement of the lower section of the transfer. This thesis will focus on one of the
concepts developed.

The main problems that needed to be addressed to improve the functionality of
conveyor C1/C2 transfer station were:

•

to centralise the material flow into the lower section of the chute, and

•

alter the design of the lower section of the chute to reduce material build-up and
improve the presentation of material onto conveyor C2.

Figure 11.13 shows a 3-D CAD model of a developed concept design (Concept A),
which is a self cleaning chute. This concept consists of an adjustable upper impact plate
where the wings and plate inclination angle β can be modified to adjust the trajectory of
the product stream into the lower filleted straight inclined and curved spoon. By
replacing the rock box and feed chute with a straight inclined and spoon allows rapid
and controlled flow to occur with minimal chance of plugging. Figure 11.13 also shows
a set of trimming gates that have been added to adjust the way the bauxite is presented
onto conveyor C2. However in this investigation, the angle of these trimming gates is
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small and has trivial influence on the particle flow past these gates. A detailed drawing
of Concept A is provided in Figure D.2.

Figure 11.13 3-D CAD model of C1/C2 transfer station – Concept A

11. 7 Analytical chute flow models
Concept A was selected for this investigation over some of the other concepts
developed as there are analytical and continuum models available to evaluate the rapid
flow of cohesive bulk materials through the various sections of the transfer chute shown
in Figure 11.13. Concept A permits the results from DEM models to be quantified
against the velocity of the material stream approximated using analytical or continuum
techniques such as:
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•

the Korzen (1988) or Arnold and Hill (1991) method to analyse the dynamic
process of bulk material impacting a flat plate;

•

the techniques provided by Stuart-Dick and Royal (1992) to calculate the
velocity of bulk material after impacting an inclined surface and the velocity
along a straight inclined chute; and

•

the Roberts (2003) method to calculate the stream velocity through a nonconverging and constant radius curved chute or spoon.

Therefore, Concept A is ideal to assess the accuracy of the DEM calibration process and
the suitability of contact models and parameters. The limitations of the analytical
methods are also examined. A series of DEM simulations were conducted to examine
the influence of the particle shape, contact model and material model selection has on
the velocity profile through the lower chute. As wall friction and the interactions
between the particles and chute surfaces governs the velocity profile of the rapid
flowing stream to a greater degree in Concept A compared to the current design, the
cohesion and adhesion between the particles and boundaries has also been examined
more closely.

The velocity of the material stream through the transfer station has been calculated
using the analytical and continuum methods by:
1. Evaluating the trajectory of bauxite off the head pulley using the Booth/CEMA
method discussed in Chapter 6 to determine the impact location of the centroid
of the material stream and Va using the Arnold and Hill (1991) method.
2. Calculating the velocity of the material stream prior to impact with the straight
filleted inclined chute based on the free fall of the material where air drag effects
have been ignored.
3. Determining the velocity after impingement with the lower chute and velocity
along the straight inclined chute using the techniques and equations proposed by
Stuart-Dick and Royal (1992).
4. Calculating the velocity of the material stream at angular positions between the
inlet and exit of the spoon based on the stream thickness and equivalent friction
using the Roberts (2003) method.
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Table 11.4 lists additional information of the key parameters used in the latter models to
evaluate the material stream velocity. Although Bisplate 400 is not ideal to line the
upper adjustable impact plate and lower chute, the boundary surfaces of Concept A
were assumed to be lined with Bisplate 400 to simplify this investigation. Reviewing
Figure 9.31, the wall friction characteristics of a more suitable wear liner such as rubber
backed ceramic tiles is very similar to the Bisplate 400, so the material stream velocity
profiles will be very similar.

Wall friction is a sensitive parameter in the latter models and the selection of µp.w
requires careful consideration. The wall friction angle between the moist TGB and the
impact plate and lower chute have been selected from the JST results in Figure 9.31,
based on the average normal impact pressure or wall pressure anticipated. The WYL of
the bulk sample of TGB at 16 percent moisture content from the JST was selected as it
provided slightly more conservative wall friction angles compared to the WYL
measured on the LSWFT.

As the transfer station has a 90 degree orientation and the drop height from the upper
impact plate to the lower chute varies depending on the X coordinate (see Figure 11.14),
the material stream velocity profile through the lower chute has been calculated based
on three stream lines being the inner, centre and outer stream. Using the three different
drop heights, the initial velocity on the lower chute has been calculated accordingly for
each stream line and the thickness of the stream has been evaluated based on the
proportion of the volumetric flow rate along the lower chute.

Table 11.4 Summary of parameters used for analytical calculations of particle flow
through conveyor C1/C2 transfer station concept A
Parameter Value
Units
Comment
hb

215

mm

Bw

1500

mm

ρbl

1150

kg m-3

µp.w

0.6

-

TGB-to-Impact plate, impact pressure ≈ 13 kPa

µp.w

0.7

-

TGB-to-Spoon, σw ≈ 1.5 kPa
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11. 8 DEM models of Concept A
Figure 11.14 shows the geometry of Concept A imported into EDEM and the
positioning of the bins used to evaluate the average particle velocity once steady-state
flow occurred. The velocity of the central particle stream just below the upper impact
plate (Bin C2) and exit velocity from the spoon (Bin C4) have been evaluated and
compared from the series of DEM simulations conducted. The particle velocity along
the surface of the lower chute has also been examined using Bin C3, which is a custom
imported bin that is 60 mm thick and 400 mm wide that mates along the inner surface of
the lower chute. The latter bin has been utilised to examine the particle velocity profile
through the chute to compare against different DEM models and continuum
calculations. The presentation of the particle onto conveyor C2 has also been examined
by using Bin D1 and D2 to determine the distribution of particles on each side of the
belt.

Figure 11.14 Binning details of conveyor C1/C2 transfer station concept A

382

Chapter 11 – Application of calibrated DEM model to an industrial conveyor transfer station

The results from the DEM simulations conducted on Concept A can be seen in Figures
11.15 and 11.16 and Tables 11.5 and 11.6. Figure 11.15 shows the modelled particle
flow behaviour through Concept A, which proves more reliable flow can be achieved
using an inclined chute and spoon where there is no material build-up besides the small
buffer zone on the upper impact plate. With the impact plate inclined two degrees from
the vertical, the material stream is guided towards the centre line of conveyor C2. The
inclined chute and spoon also effectively guides and softly loads the product onto
conveyor C2 where a heaped material profile is formed on the belt, which can be seen in
Figure 11.15(c). It can be noted in Figure 11.15(a) that the velocity of the particle
stream may impact the lower chute at velocities greater than 10 m s-1, which is not ideal
for liner wear. As the material is better guided onto the receiving belt and does not
splatter onto conveyor C2 to the same degree with the current design. There is less
reliance of the skirts to contain the product.

(a)

(b)

(c)
Figure 11.15 DEM model of the flow of bauxite through conveyor C1/C2 transfer
station concept A using shaped particles and H-M with linear cohesion contact model
viewed from (a) front and (b) side and (c) profile of particles on conveyor C2 – DEM 11
from Table 11.5
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Table 11.5 Comparison of the particle velocity between the analytical and DEM models of particle flow conveyor C1/C2 transfer station
concept A – ms = 3400 tph
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It must be noted that µr p.w = 0.2 for the spherical particles between the particles and
Bisplate 400 was implemented in the DEM models in this chapter. Table 7.25 shows
that µr

p.w

= 0.2 is sufficient to obtain a good correlation between the DEM and

experimental results but µr p.w = 0.25 is slightly more conservative and would have been
more suitable for the spherical particles. This was a minor error when the DEM models
were setup and was not noticed until all the simulations were complete. However, µr p.w
= 0.2 was still within the suggested range in Table 7.25 so the simulations were not
rerun due to time restraints Table 11.6 does show that µr

p.w

is sensitive and higher

values of µr p.w do reduce the particle velocity.
Table 11.5 compares the average particle velocity from Bin C1, C2 and C4 between the
numerous DEM simulations conducted and the analytical predictions. The average
particle velocity in the DEM models has been evaluated at t = 6.6, 6.8 and 7 seconds.
The DEM results listed in Table 11.5 compare the difference between the results using
the H-M, H-M with linear cohesion and JKR contact models, spherical and shaped
particles and material models A and B. The examination of the alternative material
models in Table 11.5 mainly investigates the influence of the alternative particle-toparticle interaction parameters being µr

p.p,

Ce

p.p

and γp.p. Some comments from the

results presented in Table 11.5 include:

•

the correlation between the particle velocity just below the impact plate (Bin C2)
between the DEM and analytical models is poor where higher particle velocities
are predicted with the DEM models. The difference between the particle
velocities using spherical or shaped particles is minor but the particle velocity
using shaped particles does show a tendency to decrease when MM-A is used,
which is more conservative;

•

the magnitude of the particle velocity exiting the spoon (Bin C4) is greatest
when the H-M model is only used and cohesion between the particles and chutes
is not modelled. DEM 8, 9, 11 and 12 show that when µr

p.p

and Ce

p.p

are

increased, the particle velocity from the exit of the spoon is decreased;

•

the best correlation of the particle exit velocity from the spoon between
analytical and DEM models is DEM 9, 12 and 14 which use MM-A;
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•

the slip velocity (i.e. Vb – Vx) between the particles and conveyor C2 is less than
1 m s-1 from all the DEM models, which is much lower than the slip velocity of
the current design (i.e. ≈ 3 m s-1);

•

generally higher particle velocities were measured in Bin C4 when spherical
particles were used;

•

the distribution of the particles on conveyor C2 is good when greater
interparticle cohesion or adhesion is present between the particles by comparing
the percentage of total particles in Bins D1 and D2.

Table 11.6 examines the sensitivity of the particle-to-boundary interaction parameters
such as µr

p.w

and Ce

p.w,

using the H-M with linear cohesion contact model. Some

comments from the results presented in Table 11.6 include:

•

increasing Ce p.w in DEM 15 through 18 has trivial influence on the particle exit
velocity from the upper impact plate (Bin C2) and the differences between the
results listed in Table 11.5 and 11.6 are minor;

•

increasing Ce p.w in DEM 15 through 18 also has minor effects on the particle
velocity exiting the spoon (Bin C4) but a trivial reduction of the particle velocity
is observed when Ce p.w is increased;

•

a difference of approximately 0.2 m s-1 is observed between the spherical and
shaped particles in DEM 15 through 18 where more rapid flow occurs using the
spherical particles. Figure 11.16 provides a better comparison of the particle
velocity using spherical and shaped particles as Bin C4 is not the most ideal
technique to evaluate the particle velocity exiting the chute as the bin is located
very close to the deceleration zone shown in Figure 11.15(a). However, the
location and dimension of the bins were unchanged when evaluating all the
DEM models to conduct a fair comparative analysis;

•

the correlation between the particle exit velocity from the spoon using the
analytical prediction and DEM 15 through 18 is relatively close, especially DEM
15 and 16;

•

µr p.w proves to be a sensitive parameter using both spherical and shaped particles
when comparing the particle velocity in Bins C2 and C4; when µr

p.w

= 0.01,

there is a notable increase in the particle velocity as the particles can roll with
less resistance along the inclined chute;
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•

the distribution of the particles on conveyor C2 is more evenly distributed when
shaped particles (DEM 17 and 18) are used compared to spherical particles
(DEM 15 and 16). As Ce p.w is increased, the particles are loaded onto conveyor
C2 in favour of Bin D2. This is also the case when µr p.w is increased in DEM 19
through 22; when µr p.w = 0.01, particles are loaded onto the belt in favour of Bin
D1 and visa versa when µr p.w = 1.
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TGB-to-TGB

* Based on central stream

Percent of total particles

Particle velocity (m s )

-1

Ce p.p (J m )

TGB-to-Chute

TGB-to-Chute

µr p.w

TGB-to-TGB

Bin D1
Bin D2

Bin C4
Vz

Vx

V

Ce p.w (J m )
Bin C1
Bin C2

-3

-3

Particle shape
Contact model
µr p.p

*

3.06
-

*

3.65

4.76

*

3.52
2.68

-

-

3.08
47.5
52.5

3.42

3.53
4.62

5

5 x 10

5

3.1
47.9
52.1

3.39

3.39
4.6

8 x 10

5

4.5 x 10

3.01
49.6
50.4

3.25

3.4
4.43

5

8 x 10

6

2.99
49.8
50.2

3.2

4.4

4
55.3
44.7

4.47

6.02

2.88
47.3
52.7

3.15

4.27

5

5

4.5 x 10

1.05 x 10
4 x 10
3.53
3.38
3.56
3.42

5

7.5 x 10

3.9
57.6
42.4

4.24

5.79

3.67

2.92
48.4
51.6

3.07

4.25

3.57

5

7 x 10

5

7 x 10

Analytical DEM 15 DEM 16 DEM 17 DEM 18 DEM 19 DEM 20 DEM 21 DEM 22
Shaped
Spherical
Shaped
Spherical
Linear cohesion
0.15
0.1
0.1
0.05
0.2
0.2
0.01
1
0.01
1

Table 11.6 Comparison of the particle velocity between the analytical and DEM models of particle flow conveyor C1/C2 transfer station
concept A – ms = 3400 tph
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To thoroughly examine the particle velocity profile through the lower chute, the average
magnitude particle velocity along the chute in the X direction (see Figure 11.14) has
been plotted in Figure 11.16 using Bin C3. The particle velocity over three time steps
from a selection of DEM results in Table 11.5 have been plotted in Figure 11.16 as well
as the evaluated predictions from the analytical models for the three stream lines. Some
comments from Figure 11.16 include:

•

from the DEM results, the particle velocity along the straight inclined section of
the chute where the material stream impacts the chute is reasonably constant but
DEM 7 and 10 (using H-M model only) do show acceleration of the material
stream. The analytical models for the inner and central stream indicate that the
velocity of the material stream increases with further displacement along the
straight inclined chute. The effects on the material stream flowing down the
chute and the impact of the vertical inflowing material stream are not modelled
in the analytical methods to the same discrete detail compared to the DEM
models;

•

once steady-state flow occurs in the straight inclined section of the chute after
the material has passed the loading/impact zone, the material stream does begin
to accelerate in the DEM models to the transition of the spoon where the
material stream begins to decelerate as predicted by the Roberts chute flow
model;

•

comparing DEM 10, 11 and 13, there is a notable difference between the particle
velocity when cohesion or adhesion is included using shaped particles. When
cohesion is included in the DEM model using spherical particles, there is a
reduction in the particle velocity but not as distinctive to the DEM models using
shaped particles;

•

the difference between DEM 7 and 10, that model the bauxite as cohesionless
using the H-M model only, is minor using spherical or shaped particles but when
cohesion in modelled using the linear cohesion model, there is a distinctive
difference between the DEM predictions using spherical or shaped particles;

•

the particle exit velocity on the bottom of the chute using shaped particles to
model the moist TGB is approximately 1 m s-1 less than the spherical particles
but the error between DEM 8 using the spherical and the analytical model is
less;
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•

the particle velocity at the beginning of the inclined chute (X ≈ 0.9 m) from the
DEM models are reasonably similar but as the particle flows further down the
chute, the velocities begin to diverge as different contact models, particle shapes
and parameters are used in the DEM models.

Figure 11.16 Comparison of material stream velocity from analytical and DEM models
through spoon of conveyor C1/C2 transfer station concept A
Figure 11.17 also provides a comparison between the analytical parabolic trajectory of
product discharging over the head pulley of conveyor C1 using the Booth (1934)
method and the DEM results (DEM 11) of the particle trajectory through a central plane
using shaped particles. The correlation between the analytical and DEM predictions is
good until the material impinges the impact plate and flow-round zone about 800 mm
from the head pulley where deformation due to the impact plate occurs. Figure 11.17
also shows the presence of the buffer zone in the DEM model above the inflowing
stream.
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Figure 11.17 Comparison of discharge trajectory from analytical models and DEM
11 of conveyor C1/C2 transfer station concept A

11. 9 Computational time
To examine the computational time to solve the DEM models of Concept A, a study
was conducted to compare the time required to complete the simulations up to t = 7
seconds. The results are summarised in Table 11.7. The simulation domain of all the
DEM models in Table 11.17 had the same spatial dimensions and the grid size was
based on 4Rmin,which was found to be more efficient when the simulation domain is
large. Due to the 90 degree transfer station, there was a high percentage of unoccupied
cells in the simulation domain, which made solving the DEM models exhaustive using a
grid size based on 2 to 3Rmin as there was a huge number of cells for collision detection.
Based on ∆t = 0.2tr and using four processors, the shortest DEM model to solve was
DEM 10 using shaped particles and the H-M contact model followed by DEM 18,
which included the linear cohesion contact model requiring an additional 15 percent of
computational time to solve the DEM model. Due to the complexity of the JKR model
that involved solving a quartic function, DEM 14 took longer to solve by approximately
a factor of 2.2 compared to DEM 18 using the simple linear cohesion contact model.
Comparing DEM 16 and 18, approximately 30 percent additional computational time is
required to solve DEM 16 due to the smaller particle size distribution of the spherical
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particles that requires a smaller ∆t and a larger quantity of particles to obtain ms = 3400
tph.

The computational time to solve the DEM models of the current transfer station was not
thoroughly monitored but due to the large quantity of particles in the rock box and feed
chute, the time required to solve these models was greater than the results listed in Table
11.7.

Due to the particle size scale-up and scale-down of Ep.p, the computational times listed
in Table 11.7 are feasible durations to conduct several design iterations to optimise the
functionality of the transfer station during an engineering design project to meet realistic
time constraints. Thus, the scaling techniques and the calibration procedures adopted in
this study proved to be practical and feasible for large scale industrial design and
trouble-shooting projects. Conducting DEM simulations of the bauxite using the
measured particle size distribution and mechanical properties is simply not practical or
feasible with the commercial computing technology presently available. The cost of
purchasing technology that could possibly handle these enormous DEM models in
reasonable periods is simply too expensive for typical DEM users and scaling and/or
truncation procedures are required to make DEM technology feasible.

Table 11.7 Comparison of computational time – ∆t = 0.2tr, 4 processors, grid size =
4Rmin, t = 7 s
Contact model
Particle
Number of
Computational
shape

particles

time (hr)

generated
DEM 10

H-M

Shaped

170341

21.6

DEM 14

JKR

Shaped

169551

54.2

DEM 16

H-M with linear cohesion

Spherical

392953

32.3

DEM 18

H-M with linear cohesion

Shaped

169056

24.8

11. 10 Discussion
This chapter has shown how DEM can be an excellent tool to model and visualise
complex material flow where 2-D analytical methods and continuum theories can be
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difficult to apply and provide detailed results. There was a reasonable correlation
between the DEM models, physical measurements and observations of the existing
transfer station which quantified the accuracy and value of the characterisation and
calibration methods. Simulations of the flow of bauxite through the current transfer
station and Concept A showed that the material model can influence the bulk behaviour
of the particles and produce unrealistic dynamic and static behaviour if µs, µr, Ce or γ are
not adequately defined. Comments that can be drawn from the work conducted in this
chapter include:

•

the flow behaviours in the current design and Concept A differ where greater
particle-to-particle interactions occur in the current design, where material
model B (developed from flat bottom hopper discharge test) was observed to be
more appropriate for the particle-to-particle interactions;

•

as the flow of particles in Concept A is more rapid, material model A (developed
from the swing-arm slump test) for the particle-to-particle interactions was
observed to provide conservative (lower) particle velocity predictions especially
using non-spherical particles;

•

the linear cohesion and JKR models are effective to model the moist TGB where
a decrease in the flowability of the particles is observed when comparing against
the DEM models using the H-M contact model. However, careful selection of Ce
or γ is required to obtain realistic internal and wall friction angles;

•

differences between the flow behaviour and stream velocities were observed
using spherical and shaped particles;

•

the JKR model was able to model particle adhesion and clumping better than the
linear cohesion model but the differences between the calibrated linear cohesion
and JKR models were minor when comparing particle velocities and flow
patterns through the large scale transfer station models. Even though the JKR
model is more adequate to model wet and sticky bulk materials, the linear
cohesion model also provided sufficient results for simulating chute flow but
was less computationally expensive;

•

the correlation between the particle velocity below the upper impact plate in
Concept A evaluated using the Arnold and Hill (1991) model and the DEM
predictions was poor, which was also observed in Chapter 6 with the impact
plate investigations;
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•

due to the 90 degree transfer arrangement in Concept A, the analytical and
continuum methods were not ideal to predict the material stream velocity in the
impact zone on the lower chute due to influence of the high vertical velocity
inflowing stream, which was better modelled using DEM;

•

DEM provided much better capability to model and visualise the complex 3-D
bulk deformation and flow of TGB through the current and Concept A transfer
stations and the way the bulk material is presented onto conveyor C2, which can
not be conducted using analytical methods to the same level of detail;

•

the calibration techniques and methods used to develop the material models
seemed to be sufficient to obtain realistic bulk flow behaviour but careful
selection of the calibration tests and flow regimes applicable to the large scale
DEM applications is required.

A sensitivity analysis of the particle shape in the DEM models was conducted where the
differences in the bulk flow of particles can be clearly distinguished, showing the value
and necessity of incorporating non-sphericity into particle shape modelling. Further
research could be conducted to examine the flow behaviour using a particle geometry
with greater blockiness such as Particle C in Figure 10.1(c), which was shown to be the
most ideal particle shape to accurately model wall friction characteristics.

DEM in this study has been a feasible tool to prototype and investigate concept designs
on a desktop workstation. The DEM simulations also proved to be an effective means to
convey design ideas to other engineers and provide confidence that concept designs
would work. An advantage of the DEM simulations was that a large amount of useful
data was collected on a micro and macro scale, which can be extremely time
consuming, costly or impossible to do by physical scale modelling to comprehensively
assess designs.
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12. 1 Introduction
The application of DEM to understand the mechanics of particle flow is a popular
numerical method used in academic research to model systems that are generally
considered small scale in spatial size and number of discrete elements. DEM is now
being rapidly applied to a wide range of large scale industrial bulk material handling
and processing problems based on the continual research of DEM methodology and
application of DEM from academia and industry. With continual improvement of
computing technology and resources, DEM is becoming a feasible tool for a broad
range of engineering design, trouble-shooting and optimisation applications.
Commercial packages such as EDEM, now allow complex and large DEM models,
consisting of over one million particles, to be compiled in short periods and have
improved the efficiency and management of huge data sets (gigabytes of memory),
allowing comprehensive and simple post analysis of data.

DEM is showing high demand from industry due to the lack of comprehensive 3-D
analytical and numerical tools available to model discontinuous particle flow. However,
some areas where knowledge lacks and research has been conducted in this thesis
include:

•

methods to accurately calibrate the mechanical properties of particles, particleto-particle and particle-to-boundary interactions in DEM models to obtain
realistic bulk behaviour;

•

accuracy of contact model parameters and DEM simulations by physical
validation either on a bench scale or large scale; and

•

appropriate techniques to scale and simplify DEM models to obtain feasible run
times.
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The latter research areas were addressed in this thesis, according to the main objectives
of this study, to model and quantify the bulk behaviour of cohesionless and cohesive
bulk materials using the discussed calibration methodologies and validating the DEM
models against analytical models and experimental results. Characterisation of the bulk
materials examined was essential to accurately model the static and dynamic behaviour
of the material using DEM. The wall friction characteristics of a bulk material were
examined in detail using the JST and newly developed LSWFT as wall friction is a key
parameter in many industrial applications and needs to be modelled accurately when
using DEM or analytical models. The impingement of polyethylene pellets on a flat
impact plate was conducted numerically and the DEM simulations were compared
against analytical methods and physical results using a variable-geometry conveyor
transfer research facility. DEM simulations of wall friction tests using simple contact
models such as the LSD or H-M models, and more complex models such as the JKR
model, were compared to measured wall yield loci of bauxite on the LSWFT.

Lastly, discrete element modelling was used to simulate the flow of wet and sticky
bauxite through an operating large scale industrial transfer station to examine the ability
of DEM to predict the flow patterns and problem areas. The aim of this investigation
was to assess the appropriate DEM calibration tests required to develop a material
model to simulate the flow of particles through two types of conveyor transfer
arrangements to achieve the best approximation of bulk behaviour. Feasible techniques
to reduce run times of DEM models were also addressed by scaling Ep.p and the particle
size distribution to optimise the numerical time step and the number of particles in the
simulation domain. Particle shape modelling; by clustering spheres together to form
irregular particle geometries, was examined to illustrate the limitations of spherical
particles in various applications, such as wall friction modelling.

12. 2 Conclusions
A broad range of research areas were covered in this thesis which all tie together to
further develop validated techniques to model granular materials and address industrial
problems. Various robust and generic techniques were used to derive “fit-for-purpose”
DEM material models to simulate the flow of cohesionless and cohesive bulk materials
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in a range of applications and flow regimes. The flow patterns that occur in belt
conveyor transfer stations or chutes were primarily investigated in this study as transfer
points are a critical component in a bulk material handling system, which is a popular
application that DEM is applied to within industry. A literature review showed that
DEM is applied in a wide range of applications and that the use of DEM simulations by
industry is rapidly growing. But there is a lack of industrial that address the calibration
and application of DEM to actual case studies. Due to privacy and intellectual property,
many of industrial case studies can not be published in the public domain. This limits
the number of publications that detail the post validation of DEM simulations against
the physical results or flow patterns to assess the methodologies used to develop the
DEM models. Currently, there is no international standard or practice to develop a set of
robust contact and non-contact parameters and model settings to achieve realism of the
static and dynamic flow of bulk solids. This study has provided extra knowledge to the
DEM field and some novel bench scale calibration experiments, such as the swing-arm
slump test and LSWFT. The study has also assessed the suitability of the calibration
tests relative to the conditions and flow regimes in which the bulk material is to be
handled or conveyed.

Some concluding remarks have been provided at the end of the previous chapters but
some conclusions that can be drawn from this research shall now be discussed. A
literature review was conducted to examine the recent advances in DEM methodology
including contact models as well as recent applications of DEM in the bulk material
handling industry. A review of techniques to calibrate and validate DEM models
showed that a lot of researchers assumed parameters such as µs and µr or did not detail
how parameters were derived. However, there were some good publications which
detailed the process of developing a realistic DEM material model by correlating results
against physical measurements.

The initial proportion of the study detailed the approach adopted to estimate the
mechanical properties of a particle. It also covered the sequence to develop a set of
interaction parameters for a specific contact model, using a range of laboratory
equipment and developed calibration experiments. The approach of calibrating cohesive
materials via trial-and-error by firstly developing a cohesionless material model using
the H-M contact model and gradually incorporating new contact forces such as cohesion
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and adhesion to obtain a good correlation between the DEM and experimental results
proved to be effective and feasible. Isolating particle interaction combinations such as
particle-to-particle and particle-to-boundary by conducting specific calibration
experiments that focus on the latter interaction types demonstrated to be a good
systematic approach to efficiently develop the material model for a bulk material and
various interactions with wall materials. Trying to optimise too many parameters by
varying two or more parameters such as µs, µr, Ce or γ was seen to be too time
consuming with the limited EDEM licenses and computing resources available. Thus,
estimating µs by physical measurements and conducting trial-and-error of µr or Ce or γ
within a practical range determined by simple calculations or experience was seen to be
the simplest technique to obtain sufficient results within feasible time frames.

The H-M with linear cohesion and JKR models proved to be effective to model the
effects of capillary forces due to liquid bridges without directly modelling the noncontact capillary forces, which is an exhaustive process. Besides the additional
computational time to run the JKR model, the ability to model adhesion and retain
stable static piles was superior with the JKR model compared to the linear cohesion
model. Rolling torque models are essential when modelling particles that have a low
blockiness factor or high sphericity to obtain realism during the formation of piles and
drained angles of repose. Due to the residual rotational energy between particles of the
Coulomb-like rolling friction torque model, it was difficult to obtain steady-state piles
over long simulations using the LSD, H-M and linear cohesion contact models but
better stability was obtained using the JKR model. When non-spherical particles were
modelled by clustering spheres together to increase the blockiness, lower µr values were
required to obtain realism. As the surface characteristics and geometry of granular
materials are simplified in DEM simulations, modelling the particles with a greater
aspect ratio and irregularity is recommended to compensate for these simplifications
and reduce the need to apply excessive rolling resistance.

Wall friction has a significant influence in many applications and Chapter 10 showed
that even though bauxite particles are predominately spherical, a particle with a
reasonable aspect ratio or blockiness (Figure 10.1(c)) proved to provide the best
correlation between DEM and experimental results. Thus, modelling bulk material as
balls has its limitations, as discussed in Chapter 10, for specific applications but was
398

Chapter 12 – Conclusions and future work

shown to be sufficient to model the impingement of polyethylene pellets against a flat
plate. The variation of the results and material models using spherical and the shaped
particles examined in this study were generally minor. Modelling bulk material using
non-spherical particles is highly recommended for DEM simulations of chute flow as
seen in Chapter 11 when simulating the flow of ore through a spoon.

The interaction of particles and structures was examined using a flat impact plate
conveyor transfer station to investigate the forces exerted by the polyethylene pellets on
the plate and the general flow patterns. 2-D analytical methods were used to provide
detailed quantitative comparisons against DEM predictions and experimental results.
Although the analytical methods provide much quicker solutions, DEM simulations
provide a comprehensive analysis of the particle-to-boundary contact force distribution
as well as a 3-D visualisation of the flow patterns to conduct a qualitative analysis with
experimental observations, which is something analytical methods can not provide with
the same detail.

The correlation between the DEM and experimental results of the particle velocities and
impact forces were generally good but limitations and greater errors were observed in
the solution for Va and the shear component of the impact force using the analytical
methods. The variation of the impact forces using the LSD or H-M contact models was
minor and a sensitivity analysis showed that particle mechanical properties and shape
were not highly sensitive on the measured total impact force. However, the distribution
of the force on the impact plate was reliant on the particle diameter and scaling up the
particle diameter did show the limitations to accurately predict realistic force
distributions, which are important for further analysis such as wear predictions.

Assuming wall friction characteristics is a dangerous practice, currently wall friction
angles are typically measured using the minus 4 mm size fraction of a bulk material on
the JST. To further understand the characteristics of bulk solids sliding against wall
materials, the LSWFT was successfully designed and built to explore the scale-up
effects of the shear cell diameter and particle top size, which can be tested. A
comprehensive scope of wall friction tests was conducted using four bulk materials with
different size fractions on six wall materials to examine the variation of measured wall
yield loci tested on the JST and LSWFT. Analysing the results from both machines,
399

Chapter 12 – Conclusions and future work

there was no clear conclusion on whether the JST or LSWFT was the “better” machine
to measure wall friction, but repeatability of the wall friction tests on the LSWFT
proved to be superior as the ratio of the particle diameter to the shear cell diameter was
less. The variation of φw measured on the JST and LSWFT with some bulk material and
wall material combinations was trivial where no tester consistently measured higher or
lower wall friction angles. The limitation of the JST was noticed when testing the
polyethylene pellets and dry as received MGB. As the top size of the products are close
or above the recommended particle diameter, there was a greater deviation of the wall
friction angles measured on the JST and LSWFT. For the dry MGB, greater wall
friction angles were measured on the JST compared to the LSWFT. When products
were tested dry and are relatively cohesionless, greater apparent cohesion stress was
predicted on the JST compared to the LSWFT, which predicted no or trivial cohesion
when extrapolating the wall yield loci. However, when the wall friction angles of
magnetite concentrate at 12 percent moisture content were measured on the Bisplate
400, there was a significant difference between the JST and LSWFT results, where
greater φw values were measured on the LSWFT at low σw values.
The research conducted on the LSWFT showed that particle and shear cell size effects
do influence the measurement of wall friction angles and more importantly, cohesion.
The value of conducting wall friction tests on the LSWFT was highlighted in this study
where the LSWFT provides an additional method to measure wall friction angles to
verify and compare the JST results against for design purposes.

DEM simulations of wall friction tests were conducted to analyse the ability of contact
models to accurately model the interaction of particles sliding against flat wall materials
with and without cohesion or adhesion present. The interaction of particles sliding on
inclined surfaces is of great importance and interest when modelling industrial chutes.
The results from this investigation showed that wall friction angles can be accurately
modelled using the appropriate contact models to simulate cohesion, such as the linear
cohesion or JKR model using sufficient parameter values determined from numerical
calibration. Modelling particles with a high blockiness factor due to shape of clusters
was observed to provide the best correlation between measured and computed wall yield
loci as particle rotation is restrained allowing for greater sliding and the ability for the
tangential contact forces to reach the friction limit.
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To evaluate the techniques developed in this research to calibrate DEM models using
bench scale experiments to model large industrial transfer stations, DEM simulations of
an existing transfer station at a bauxite facility were conducted. This investigation
showed that DEM was a powerful tool to model the flow behaviour of wet and sticky
ore and evaluate the performance of alternative designs where analytical methods have
limited capabilities to predict 3-D flow. With careful selection of the appropriate DEM
material model, which best represents the bulk flow behaviour to be modelled, DEM
provides good insight into predicting particle trajectories, stream velocities and the
presentation of the material through various components of a transfer station to design
reliable transfer points where flow is controlled. Although the analytical methods are
not as comprehensive as DEM, they still provide valuable solutions to verify that DEM
simulations predictions are practical under certain conditions, for instance continuous
flow, rapid flow and whether the bulk material is cohesionless or cohesive.

12. 3 Future work
Although the work conducted in this thesis has contributed greatly to quantifying and
modelling the flow of cohesionless and cohesive bulk materials through conveyor
transfers and characterising and modelling the friction between bulk materials and wall
materials, the following areas of investigation still require further improvements:
•

Development of the technology and procedure to automate the calibration
process by conducting a comprehensive parameter sweep should be pursued
using a logical optimisation algorithm. Post-processing calibration simulations
was a time consuming and repetitive process that could have been automated to
save time. To automate the process, calibration experiments and DEM
simulations have to be designed and setup to allow simple measurement of key
properties such as angles of repose, compression or shear force.

•

The calibration tests developed or adopted in this thesis were primarily selected
to replicate similar flow conditions in a transfer chute where slow or rapid flow
occurs. Further work is required to develop a wider range of calibration tests and
bench scale experiments to examine other flow regimes and quasi-static
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applications, such as uniaxial compression tests, high-speed impact of cohesive
materials against wall materials, internal shear and mixing.
•

The DEM calibration simulations and physical experiments conducted in this
thesis generally used a small quantity of particles or bulk material to obtain
feasible run times. As the size of the bauxite particles were significantly scaled
up in the DEM simulations, the geometry of the calibration tests and mass of
particles used were also scaled but there is still scope to examine the effects and
constraints of scale-up. Further investigations should be conducted to explore
the effects of the geometry of the calibration tests, such as the size of the flat
bottom hopper or swing-arm slump tester is scaled up and the number of
particles is increased accordingly using a fixed particle size distribution. Besides
from the shaped polyethylene pellets, which were modelled with a particle size
similar to the real particles, further investigations would be beneficial to
examine the variation of the parameters in the material model when the particle
size scale factor is increased.

•

Modelling particles as non-spherical shapes by clustering spheres together is a
feasible technique to model the flow behaviour of bulk materials with greater
realism and reliance of rolling torque models to restrain angular velocity. Further
examination of the degree of blockiness and complexity of the particle (i.e.
number of spheres required and configuration of the spherical elements) required
to model bulk materials would be of great importance to the practitioners of
DEM.

•

Further development of a data base of DEM material models of common bulk
materials is required. A database of material models would be ideal for
reference, however variations of the flow characteristics of bulk materials,
especially moist materials, occurs in reality and customised calibration would
still be required for accurate results.

•

The flow of a cohesionless bulk material onto an impact plate was only
examined in this thesis and there is still scope to examine the impingement of a
cohesive material against an impact plate.

•

Due to limitations in computing technology and having to scale-up and truncate
particle size distributions, the fine particles were not modelled directly in the
DEM simulations. These fines are generally the source of most bulk flow
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problems such as segregation and material build-up that leads to plugging. The
bulk effects of the fine particles were incorporated into the DEM calibration
process but further research and quantification is required to examine methods to
adequately model the fine particles using DEM.
•

A limited range of bulk materials and wall materials were examined on the
LSWFT. As this machine was recently developed, there is a still a broad range
of investigations that can be examined as partially discussed in Chapter 9. A
broader range of bulk materials and wall materials still need to be tested to
comprehensively evaluate the LSWFT and wall friction testing procedures.
Measurement of wall friction angles at low normal pressures to predict cohesion
requires further investigation and modification of the LSWFT. The effects of
shear rate, shear cell dimensions, particle top size and particle shape on wall
friction angles still require further analysis. Slip-stick phenomena were observed
with some bulk material and wall sample combinations on the JST and LSWFT,
which can be examined in future research.

•

Chapter 11 investigated the application of calibrated DEM simulations to model
an industrial transfer station and concept designing alternatives to improve the
functionality of the problematic transfer station. Not all the design concepts were
discussed in this thesis but publication Grima et al. (2011) listed at the beginning
of the thesis discusses some of the alternative designs developed. When changes
are made to the transfer station examined in this thesis, there is scope to remodel
the constructed design installed and post-validate the DEM simulations against
the flow behaviours observed to evaluate the accuracy of the calibration
procedure and application of DEM. More case studies and validations of
applications where DEM simulations have been applied are required as there is a
lack of publications validating the implementation of DEM to industrial systems.

•

Although the JKR model has the ability to model adhesion, further work is
required to examine possible methods to simplify the JKR model as it is
computationally exhaustive due to Equation 2.54 and not ideal to model large
DEM models. Further research is possible to develop a practical and realistic
model to simulate adhesion characteristics of bulk materials using DEM.

403

References

References
Aarons, L. and Sundaresan, S. (2008), “Shear flow of assemblies of cohesive granular
materials under constant applied normal stress”, Powder Technology, vol. 183,
no. 3, pp. 340-55.
Abdel-Ghani, M., Petrie, J. G., Seville, J. P. K., Clift, R. and Adams, M. J. (1991),
“Mechanical properties of cohesive particulate solids”, Powder Technology,
vol. 65, no. 1-3, pp. 113-23.
Ai, J. (2010), “Particle Scale and Bulk Scale Investigation of Granular Piles and Silos”.
PhD Thesis, The University of Edinburgh, Edinburgh, UK. pp. 379.
Ajax Equipment Ajax Tensile Tester, Bolton (UK).
Alexander, A. W., Chaudhuri, B., Faqih, A., Muzzio, F. J., Davies, C. and Tomassone,
M. S. (2006), “Avalanching flow of cohesive powders”, Powder Technology,
vol. 164, no. 1, pp. 13-21.
Allen, M. P. and Tildesley, D. J. (1987), Computer Simulation of Liquids, Oxford
University Press, New York.
Alspaugh, M. A., Dewicki, G. and Qusenberry, E. (2002), “Computer Simulation
Solves Conveyor Problems”, Coal Age, USA, Mining Media.
Anand, A., Curtis, J. S., Wassgren, C. R., Hancock, B. C. and Ketterhagen, W. R.
(2008), “Predicting discharge dynamics from a rectangular hopper using the
discrete element method (DEM)”, Chemical Engineering Science, vol. 63, no.
24, pp. 5821-30.
Arkema (2010), Technical Sheet: Plexiglas G Acrylic Sheet, Arkema Inc., Philadelphia,
USA.
Arnold, P. C. and Hill, G. L. (1991). “Design of Conveyor Chutes with Special Attention
to Blockage, Wear and Conveyor Direction Change”. End of Contract Report,
NERDDP Project No. 1188, pp. 123
Arnold, P. C., McLean, A. G. and Roberts, A. W. (1978), Bulk solids: storage, flow and
handling, Tunra, Newcastle, N.S.W.
Arnold, P. C., McLean, A. G. and Roberts, A. W. (1982), Bulk solids: Storage, Flow
and Handling, The University of Newcastle Research Associates (TUNRA),
Newcastle, N.S.W.
Asaf, Z., Rubinstein, D. and Shmulevich, I. (2007), “Determination of discrete element
model parameters required for soil tillage”, Soil and Tillage Research, vol. 92,
no. 1-2, pp. 227-42.

404

References

Asmar, B. N., Langston, P. A., Matchett, A. J. and Walters, J. K. (2002), “Validation
tests on a distinct element model of vibrating cohesive particle systems”,
Computers & Chemical Engineering, vol. 26, no. 6, pp. 785-802.
ASTM International (2006), ASTM D6128-06-Standard test method for shear testing of
bulk solids using the Jenike Shear Cell, ASTM International, West
Conshohocken, PA, USA.
Bai, X.-M., Shah, B., Keer, L. M., Wang, Q. J. and Snurr, R. Q. (2009), “Particle
dynamics simulations of a piston-based particle damper”, Powder Technology,
vol. 189, no. 1, pp. 115-25.
Balevicius, R., Kacianauskas, R., Mróz, Z. and Sielamowicz, I. (2008), “Discreteparticle investigation of friction effect in filling and unsteady/steady discharge
in three-dimensional wedge-shaped hopper”, Powder Technology, vol. 187, no.
2, pp. 159-74.
Baran, O., DeGennaro, A., Rame, E. and Wilkinson, A. (2009), “DEM Simulation of a
Schulze Ring Shear Tester”, AIP Conference Proceedings, vol. 1145, no. 1, pp.
409-12.
Bardenhagen, S. G., Brackbill, J. U. and Sulsky, D. L. (1998), “Shear deformation in
granular materials”, 11th Detonation Symposium, Snowmass, Colorado, USA,
31 Aug - 4 Sep.
Bardet, J. P. (1998), “Introduction to computational granular mechanics”, in Behaviour
of Granular Materials, B. Cambou (ed.), Italy, Springer-Verlag New York, pp.
99-169.
Baxter, J., Tüzün, U., Burnell, J. and Heyes, D. M. (1997), “Granular dynamics
simulations of two-dimensional heap formation”, Physical Review E, vol. 55,
no. 3, pp. 3546-54.
Bierwisch, C., Kraft, T., Riedel, H. and Moseler, M. (2009), “Three-dimensional
discrete element models for the granular statics and dynamics of powders in
cavity filling”, Journal of the Mechanics and Physics of Solids, vol. 57, no. 1, pp.
10-31.
Booth, E. P. O. (1934), “Trajectories from Conveyors - Method of Calculating them
Corrected”, Engineering and Mining Journal, vol. 135, no. 12, pp. 552-54.
Bradley, M. S. A. and Berry, R. J. (2009), “Evolution of Wall Friction with Realistic
Displacements Wall "Conditioning" and the need to Measure Wall Friction
Over a Long Distance of Travel”, in Proceedings of the 6th International
Conference for Conveying and Handling of Particulate Solids (CHoPS),
Brisbane, Queensland, Australia, 3-7 August, Proceedings on USB, pp. 434-39.
Brewster, R., Grest, G. S. and Levine, A. J. (2009), “Effects of cohesion on the surface
angle and velocity profiles of granular material in a rotating drum”, Physical
Review E, vol. 79, no. 1, pp. 011305-7.

405

References

Brilliantov, N. V. and Pöschel, T. (1998), “Rolling friction of a viscous sphere on a
hard plane”, Europhysics Letters, vol. 42, no. 5, pp. 511-16.
Brilliantov, N. V. and Pöschel, T. (2004), “Collision of Adhesive Viscoelastic
Particles”, in The Physics of Granular Media, H. Hinrichsen and D. E. Wolf
(eds), Weinheim, Germany, Wiley-VCH, pp. 189-209.
Buchholtz, V. and Pöschel, T. (1994), “Numerical investigations of the evolution of
sandpiles”, Physica A: Statistical Mechanics and its Applications, vol. 202, no.
3-4, pp. 390-401.
Burgess, D., Sulsky, D. and Brackbill, J. U. (1992), “Mass matrix formulation of the
FLIP particle-in-cell method”, Journal of Computational Physics, vol. 103, no.
1, pp. 1-15.
Burnett, A. J. (2000), “Chutes for Stacker Reclaimers - Generation of a Design
Method”, Bulk Solid Handling, vol. 20, no. 3, pp. 295-301.
Callister, W. D. (2003), Materials Science and Engineering: An Introduction, 6th Ed,
John Wiley & Sons, Inc, New Jersey, USA.
Campbell, C. S. (1982), “Shear flows of granular materials”. PhD thesis, California
Institute of Technology, Pasadena, California.
Campbell, C. S. (2006), “Granular material flows - An overview”, Powder Technology,
vol. 162, no. 3, pp. 208-29.
CEMA (2007), Belt Conveyors for Bulk Materials, 6th Ed, Conveyor Equipment
Manufactures Association, 2nd Print, Florida, USA.
Chung, Y. C. and Ooi, J. Y. (2008a), “Influence of Discrete Element Model Parameters
on Bulk Behavior of a Granular Solid under Confined Compression”, Particulate
Science and Technology, vol. 26, no. 1, pp. 83 - 96.
Chung, Y. C. and Ooi, J. Y. (2008b), “A study of influence of gravity on bulk behaviour
of particulate solid”, Particuology, vol. 6, no. 6, pp. 467-74.
Cleary, P. W. (2004), “Large scale industrial DEM modelling”, Engineering
Computations, vol. 21, no. 2/3/4, pp. 169-204.
Cleary, P. W. (2008), “The effect of particle shape on simple shear flows”, Powder
Technology, vol. 179, no. 3, pp. 144-63.
Cleary, P. W. (2009), “Industrial particle flow modelling using discrete element
method”, Engineering Computations, vol. 26, no. 6, pp. 698-743.
Cleary, P. W. (2010), “DEM prediction of industrial and geophysical particle flows”,
Particuology, vol. 8, no. 2, pp. 106-18.
Cleary, P. W., Morrisson, R. and Morrell, S. (2003), “Comparison of DEM and
experiment for a scale model SAG mill”, International Journal of Mineral
Processing, vol. 68, no. 1-4, pp. 129-65.
406

References

Cleary, P. W., Owen, P., Hoyer, D. I. and Marshall, S. (2010), “Prediction of mill liner
shape evolution and changing operational performance during the liner life
cycle: Case study of a Hicom mill”, International Journal for Numerical Methods
in Engineering, vol. 81, no. 9, pp. 1157-79.
Cleary, P. W. and Sawley, M. L. (2002), “DEM modelling of industrial granular flows:
3D case studies and the effect of particle shape on hopper discharge”, Applied
Mathematical Modelling, vol. 26, no. 2, pp. 89-111.
Coetzee, C. J. and Els, D. N. J. (2009), “Calibration of discrete element parameters and
the modelling of silo discharge and bucket filling”, Computers and Electronics
in Agriculture, vol. 65, no. 2, pp. 198-212.
Cundall, P. A. (1971), “A computer model for simulating progressive, large-scale
movements in blocky rock systems”, Proceedings Symposium International
Society Rock Mechanics, Nancy, vol. 2, no. 8.
Cundall, P. A. and Hart, R. D. (1992), “Numerical modelling of discontinua”,
Engineering Computations, vol. 9, no. 2, pp. 101-13.
Cundall, P. A. and Strack, O. D. L. (1979), “A discrete numerical model for granular
assemblies”, Géotechnique, vol. 29, no. 1, pp. 47-65.
Curry, D., Favier, J. and LaRoche, R. D. (2009), “A Systematic Approach to DEM
Material Model Calibration”, in Proceedings of the 6th International Conference
for Conveying and Handling of Particulate Solids (CHoPS), Brisbane,
Queensland, Australia, Proceedings on USB, pp. 51-54.
Datta, A., Mishra, B. K., Das, S. P. and Sahu, A. (2008), “A DEM Analysis of Flow
Characteristics of Noncohesive Particles in Hopper”, Materials and
Manufacturing Processes, vol. 23, no. 2, pp. 195-202.
De Blasio, F. V. and Saeter, M.-B. (2009), “Rolling friction on a granular medium”,
Physical Review E, vol. 79, no. 2, pp. 022301-4.
de Ryck, A. (2008a), “Granular flows down inclined channels with a strain-rate
dependent friction coefficient. Part I: Non-cohesive materials”, Granular Matter,
vol. 10, no. 5, pp. 353-60.
de Ryck, A. (2008b), “Granular flows down inclined channels with a strain-rate
dependent friction coefficient. Part II: cohesive materials”, Granular Matter, vol.
10, no. 5, pp. 361-67.
DEM Solutions (2009), EDEM v2.2, DEM Solutions Ltd, Edinburgh, UK.
DEM Solutions (2010), EDEM v2.3 User Guide, DEM Solutions Ltd, Edinburgh, UK.
DEM Solutions. (2011a). “EDEM”. [Online, accessed 5 April 2011], http://www.demsolutions.com
DEM Solutions. (2011b). “EDEM Versions”. [Online, accessed 6 April 2011],
http://www.dem-solutions.com/support/versions.php
407

References

Dewicki, G. and Mustoe, G. (2002). “Bulk Material Belt Conveyor Transfer Point
Simulation of Material Flow Using DEM”. [Online, accessed 13 May 2008],
http://www.overlandconveyor.com/pdf/Transfer3rdDEMpaper1.pdf
Di Renzo, A. and Di Maio, F. P. (2004), “Comparison of contact-force models for the
simulation of collisions in DEM-based granular flow codes”, Chemical
Engineering Science, vol. 59, no. 3, pp. 525-41.
Di Renzo, A. and Di Maio, F. P. (2005), “An improved integral non-linear model for the
contact of particles in distinct element simulations”, Chemical Engineering
Science, vol. 60, no. 5, pp. 1303-12.
Ding, Y. L., Forster, R. N., Seville, J. P. K. and Parker, D. J. (2001), “Scaling
relationships for rotating drums”, Chemical Engineering Science, vol. 56, no.
12, pp. 3737-50.
Elperin, T. and Golshtein, E. (1997), “Comparison of different models for tangential
forces using the particle dynamics method”, Physica A: Statistical and
Theoretical Physics, vol. 242, no. 3-4, pp. 332-40.
Favier, J. (2007), “Industrial application of DEM: Opportunities and Challenges”, in
Proceedings of Discrete Element Methods (DEM) ’07, Brisbane, Australia, 2729 August, Proceedings on CD.
Favier, J. F., Abbaspour-Fard, M. H. and Kremmer, M. (2001), “Modeling Nonspherical
Particles Using Multisphere Discrete Elements”, Journal of Engineering
Mechanics, vol. 127, no. 10, pp. 971-77.
Favier, J. F., Abbaspour-Fard, M. H., Kremmer, M. and Raji, A. O. (1999), “Shape
representation of axi-symmetrical, non-spherical particles in discrete element
simulation using multi-element model particles”, Engineering Computations,
vol. 16, no. 4, pp. 467-80.
Fazekas, S., Kertész, J. and Wolf, D. E. (2005), “Piling and avalanches of magnetized
particles”, Physical Review E, vol. 71, no. 6, pp. 061303.
Feise, H. J. and Carson, J. W. (2003), “The Evolution of Bulk Solids Technology Since
1982”, Chemical Engineering & Technology, vol. 26, no. 2, pp. 121-31.
Feng, C. L. and Yu, A. B. (1998), “Effect of liquid addition on the packing of monosized coarse spheres”, Powder Technology, vol. 99, no. 1, pp. 22-28.
Feng, C. L. and Yu, A. B. (2000), “Quantification of the Relationship between Porosity
and Interparticle Forces for the Packing of Wet Uniform Spheres”, Journal of
Colloid and Interface Science, vol. 231, no. 1, pp. 136-42.
Feng, Y. Q. and Yu, A. B. (2004), “Discrete Particle Simulation of Gas Fluidisation of
Particle Mixtures: Experimental Validation”, in Proceedings of the 8th
International Conference on Bulk Materials Storage, Handling and
Transportation (ICBMH' 04), Wollongong, NSW, Australia, pp. 199-203.

408

References

Ferellec, J. F., Martinez, J., Masson, S. and Iwashita, K. (2001), “Influence of particle
rolling resistance on silo flow in DEM simulations”, in Powders and Grains
2001: Proceedings of the Fourth International Conference, Y. Kishino (ed.),
Netherlands, A.A. Balkema, pp. 409-12.
Fischer-Cripps, A. C. (2004), Nanoindentation, 2nd Ed, Springer-Verlag, New York.
Franz, M. (2007), “Design of belt conveyor transfer stations”, Bulk Solids Handling,
vol. 27, no. 3, pp. 168-73.
Freireich, B., Litster, J. and Wassgren, C. (2009), “Using the discrete element method to
predict collision-scale behavior: A sensitivity analysis”, Chemical Engineering
Science, vol. 64, no. 15, pp. 3407-16.
Gercek, H. (2007), “Poisson's ratio values for rocks”, International Journal of Rock
Mechanics and Mining Sciences, vol. 4, no. 1, pp. 1-13.
Goda, T. J. and Ebert, F. (2005), “Three-dimensional discrete element simulations in
hoppers and silos”, Powder Technology, vol. 158, no. 1-3, pp. 58-68.
González-Montellano, C., Ayuga, F. and Ooi, J. Y. (2009), “Discrete Element
Modelling of Grain Flow in a Planar Silo: Influence of Simulation Parameters”,
in Proceedings of the 6th International Conference for Conveying and Handling
of Particulate Solids (CHoPS), Brisbane, Queensland, Australia, 3-7 August,
Proceedings on USB, pp. 61-68.
Greenhalgh, S. A. and Emerson, D. W. (1986), “Elastic properties of coal measure
rocks from the Sydney Basin, New South Wales ”, Exploration Geophysics vol.
17, no. 3, pp. 157-63.
Gröger, T. and Katterfeld, A. (2007a), “Application of the Discrete Element Method in
Materials Handling- Part 1: Basics and Calibration”, Bulk Solids Handling,
vol. 27, no. 1, pp. 17-22.
Gröger, T. and Katterfeld, A. (2007b), “Application of the Discrete Element Method in
Materials Handling- Part 3: Transfer Stations.” Bulk Solids Handling, vol. 27,
no. 3, pp. 158-66.
Gröger, T., Tüzün, U. and Heyes, D. M. (2003), “Modelling and measuring of cohesion
in wet granular materials”, Powder Technology, vol. 133, no. 1-3, pp. 203-15.
Gruening, T., Kunze, G. and Katterfeld, A. (2010), “Simulating the working process of
construction machines”, in Proceedings of the BulkSolids Europe 2010,
Glasgow, Scotland, 9-10 Sept, Proc on USB, pp. [10].
Hamaker, H. C. (1937), “The London – van der Waals attraction between spherical
particles”, Physica (Amsterdam), vol. 4, no. 10, pp. 1058–72.
Harlow, F. H. (1964), “The particle-in-cell computing method for fluid dynamics”, in
Methods for Computational Physics, B. Adler, S. Fernbach and M. Rotenberg
(eds), New York, Academic Press, vol. 3, pp. 319-43.
409

References

Härtl, J. and Ooi, J. Y. (2008), “Experiments and simulations of direct shear tests:
porosity, contact friction and bulk friction”, Granular Matter, vol. 10, no. 4, pp.
263-71.
Härtl, J., Ooi, J. Y. and Theuerkauf, J. (2008), “A Numerical Study of the Influence of
Particle Friction and Wall Friction on Silo Flow”, in Proceedings of the 4th
International Symposium Reliable Flow of Particulate Solids: (RelPowFlo IV),
Tromsø, Norway, 10 - 12 June, Proceedings on USB, pp. 220-26.
Hassanpour, A., Ding, Y. and Ghadiri, M. (2004), “Shear deformation of binary
mixtures of dry particulate solids”, Advanced Powder Technology, vol. 15, no.
6, pp. 687-97.
Hastie, D. B. (2010), “Belt Conveyor Transfers - Quantifying and Modelling
Mechanisms of Particle Flow”. PhD Thesis, University of Wollongong,
Wollongong, NSW, Australia. pp. 347.
Hastie, D. B., Grima, A. P. and Wypych, P. W. (2008a), “Validation of Particle Flow
Through a Conveyor Transfer Hood Via Particle Velocity Analysis”, in
Proceedings of the 4th International Symposium Reliable Flow of Particulate
Solids: (RelPowFlo IV), Tromsø, Norway, 10 - 12 June, Proceedings on USB,
pp. 583 - 87.
Hastie, D. B., Grima, A. P. and Wypych, P. W. (2008b), “Validation of Particle Flow
Through a Conveyor Transfer Spoon Via Particle Velocity Analysis”, in
Proceedings of Bulk Europe 2008, Prague, Czech Republic, 11-12 September,
Proceedings on USB, pp. A5_2.
Hastie, D. B. and Wypych, P. W. (2009), “Evaluation of Belt Conveyor Trajectories”, in
Proceedings of the 6th International Conference for Conveying and Handling of
Particulate Solids (CHoPS), Brisbane, Queensland, Australia, 3-7 August,
Proceedings on USB, pp. 299-305.
Heim, A., Gluba, T., Obraniak, A., Gawot-Młynarczyk, E. and Blaszczyk, M. (2006),
“The effect of wetting parameters on mechanical strength of granulated
material”, Physicochemical Problems of Mineral Processing, vol. 40, pp. 23745.
Hill, L. (1987), Bulk solids handling : an introduction to the practice and technology,
1st Ed, Chapman and Hall New York.
Holst, J. M. F. G., Rotter, J. M., Ooi, J. Y. and Rong, G. H. (1999), “Numerical
Modeling of Silo Filling. II: Discrete Element Analyses”, Journal of Engineering
Mechanics, vol. 125, no. 1, pp. 104-10.
Hoomans, B. P. B., Kuipers, J. A. M., Briels, W. J. and van Swaaij, W. P. M. (1996),
“Discrete particle simulation of bubble and slug formation in a two-dimensional
gas-fluidised bed: A hard-sphere approach”, Chemical Engineering Science,
vol. 51, no. 1, pp. 99-118.

410

References

Huque, S. T. (2004), “Analytical and Numerical Investigations into Belt Conveyor
Transfers”. PhD Thesis, University of Wollongong, Wollongong, NSW,
Australia. pp. 279.
Huque, S. T. and Walsh, M. A. (2004), “Material Trajectories: Distinct Element
Modelling (DEM) vs. C.E.M.A.” in Proceedings of the 8th International
Conference on Bulk Materials Storage, Handling and Transportation (ICBMH'
04), Wollongong, NSW, Australia, pp. 322-29.
Hustrulid, A. I. (1997), “A Computational Methodology for Modeling Large Scale
Sublevel Caving with a 3D Discrete Element Method”. PhD Thesis, Colorado
School of Mines, Golden, Colorado, USA. pp. 196.
Hustrulid, A. I. (1998), “Transfer Station Analysis”, in Bulk Materials Handling by
Conveyor Belt II, M. A. Alspaugh (ed.), Orlando, Florida, USA, pp. 33 - 53.
Hustrulid Technologies. (2009). “Chute Maven”. [Online, accessed 26 May 2008],
http://www.chutemaven.com/
Ilic, D., McBride, B. and Katterfeld, W. A. (2007), “Validation of continuum methods
utilising discrete element simulations as applied to a slewing stacker transfer
chute”, in Proceedings of the 9th International Conference Bulk Materials
Storage, Handling & Transportation, The University of Newcastle, NSW,
Australia, 9 -11 October 2007, Proceeding on USB.
Institution of Chemical Engineers (1989), Standard shear testing technique for
particulate solids using the Jenike shear cell: A report of the EFCE Working
Party on the Mechanics of Particulate Solids, Institution of Chemical Engineers,
Rugby, England.
Israelachvili, J. N. (1991), Intermolecular and surface forces, 2nd Ed, Academic Press,
London.
Itasca (2003), PFC 3D User's Manual, v3.0, Itasca Consulting Group Inc., Minneapolis,
Minnesota, USA.
Itasca. (2009). “PFC3D”. [Online, accessed 27 August 2009],
http://www.itascacg.com/pfc3d/
Iwashita, K. and Oda, M. (1998), “Rolling Resistance at Contacts in Simulation of
Shear Band Development by DEM”, Journal of Engineering Mechanics, vol.
124, no. 3, pp. 285-92.
Jenike, A. W. (1961), Gravity Flow of Bulk Solids, Bull, No. 108, Engng. Exp. Station,
University of Utah, Salt Lake City.
Jenike, A. W. (1964), Storage and Flow of Solids, Bull, No. 123, Engng. Exp. Station,
University of Utah, Salt Lake City.
Jensen, R. P., Bosscher, P. J., Plesha, M. E. and Kahla, N. B. (2001), “Effect of Particle
Shape on Interface Behaviour of DEM-Simulated Granular Materials”,
International Journal of Geomechanics, vol. 1, no. 1, pp. 1-19.
411

References

Ji, S., Hanes, D. M. and Shen, H. H. (2009), “Comparisons of physical experiment and
discrete element simulations of sheared granular materials in an annular shear
cell”, Mechanics of Materials, vol. 41, no. 6, pp. 764-76.
Johnson, K. L. (1985), Contact mechanics, Cambridge University Press, Cambridge,
UK.
Johnson, K. L., Kendall, K. and Roberts, A. D. (1971), “Surface energy and the contact
of elastic solids”, Proceedings of the Royal Society of London Series A, vol.
324, no. 1558, pp. 301-13.
Johnson, S., Williams, J. and Cook, B. (2007), “Contact Resolution Between AxiallyAsymmetric Ellipsoidal Bodies”, in Proceedings of Discrete Element Methods
(DEM) '07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Kafui, K. D., Thornton, C. and Adams, M. J. (2002), “Discrete particle-continuum fluid
modelling of gas-solid fluidised beds”, Chemical Engineering Science, vol. 57,
no. 13, pp. 2395-410.
Katterfeld, A. and Gröger, T. (2007), “Application of the discrete element method - Part
4: Bucket elevators and scraper conveyors”, Bulk Solids Handling, vol. 27, no.
4, pp. 228-34.
Katterfeld, A. and Gröger, T. (2008), “Simulation Based Wear Prediction of Transfer
Chutes”, in Proceedings of Bulk Europe 2008, Prague, Czech Republic, 11-12
September, Proceedings on USB, pp. A1_1.
Katterfeld, A., Gröger, T., Hachmann, M. and Becker, G. (2009), “Usage of DEM
Simulations for the Development of a New Chute Design in Underground
Mining”, in Proceedings of the 6th International Conference for Conveying and
Handling of Particulate Solids (CHoPS), Brisbane, Queensland, Australia, 3-7
August, Proceedings on USB, pp. 90-95.
Katterfeld, A., Gröger, T. and Minkin, A. (2007), “Discrete Element Simulation of
Transfer Stations and their Verification”, in Proceedings of the 9th International
Conference Bulk Materials Storage, Handling & Transportation, Newcastle,
NSW, Australia, 9th October, Proceeding on USB.
Kessler, F. and Prenner, M. (2009), “DEM – Simulation of Conveyor Transfer Chutes”,
FME Transactions, vol. 37, no. 4, pp. 185-92.
Ketterhagen, W. R., Curtis, J. S., Wassgren, C. R. and Hancock, B. C. (2009),
“Predicting the flow mode from hoppers using the discrete element method”,
Powder Technology, vol. 195, no. 1, pp. 1-10.
Khan, K. M. and Bushell, G. (2005), “Comment on "Rolling friction in the dynamic
simulation of sandpile formation"”, Physica A: Statistical Mechanics and its
Applications, vol. 352, no. 2-4, pp. 522-24.
Khanal, M. and Morrison, R. (2009), “DEM Simulation of Abrasion of Nonspherical
Particles in Tumbling Mill”, Particulate Science and Technology, vol. 27, no. 1,
pp. 68 - 76.
412

References

Khandelwal, M. and Singh, T. N. (2009), “Correlating static properties of coal
measures rocks with P-wave velocity”, International Journal of Coal Geology,
vol. 79, no. 1-2, pp. 55-60.
Korn, G. A. (2007), Advanced dynamic-system simulation : model-replication
techniques and Monte Carlo simulation, Wiley-Interscience, Hoboken, N.J.
Korzen, Z. (1988), “Dynamics of bulks solids flow on impact plates of belt conveyor
systems”, Bulk Solids Handling, vol. 8, no. 6, pp. 689-97.
Kremmer, M. and Favier, J. F. (2001a), “A method for representing boundaries in
discrete element modelling - part I: Geometry and contact detection”,
International Journal for Numerical Methods in Engineering, vol. 51, no. 12, pp.
1407-21.
Kremmer, M. and Favier, J. F. (2001b), “A method for representing boundaries in
discrete element modelling - part II: Kinematics”, International Journal for
Numerical Methods in Engineering, vol. 51, no. 12, pp. 1423-36.
Kruse, D. J. (2009), “Chute Designs and Trajectories using the Discrete Element
Method”, in Proceedings of BELTCON 15, Boksburg, Republic of South Africa,
2-3 September.
Kuhn, M. R. (1995), “A flexible boundary for three-dimensional DEM particle
assemblies”, Engineering Computations, vol. 12, no. 2, pp. 175-83.
Kuwabara, G. and Kimitoshi, K. (1987), “Restitution Coefficent in a Collision between
Two Spheres”, Japanese Journal of Applied Physics, vol. 26, no. 8, pp. 1230-33.
Landry, H., Laguë, C. and Roberge, M. (2006a), “Discrete element representation of
manure products”, Computers and Electronics in Agriculture, vol. 51, no. 1-2,
pp. 17-34.
Landry, H., Laguë, C. and Roberge, M. (2006b), “Discrete element modeling of
machine-manure interactions”, Computers and Electronics in Agriculture, vol.
52, no. 1-2, pp. 90-106.
Landry, H., Thirion, F., Laguë, C. and Roberge, M. (2006c), “Numerical modeling of
the flow of organic fertilizers in land application equipment”, Computers and
Electronics in Agriculture, vol. 51, no. 1-2, pp. 35-53.
Langston, P., Matchett, A., Fraige, F. and Dodds, J. (2009), “Vibration induced flow in
hoppers: continuum and DEM model approaches”, Granular Matter, vol. 11, no.
2, pp. 99-113.
Langston, P. A., Tüzün, U. and Heyes, D. M. (1995), “Discrete element simulation of
granular flow in 2D and 3D hoppers: Dependence of discharge rate and wall
stress on particle interactions”, Chemical Engineering Science, vol. 50, no. 6,
pp. 967-87.

413

References

Lee, G., Kang, S.-K. and Kwon, D. (2008), “Characterization of elastic modulus and
work of adhesion in elastomeric polymers using microinstrumented indentation
technique”, Materials Science and Engineering: A, vol. 496, no. 1-2, pp. 494500.
Lee, J. and Herrmann, H. J. (1993), “Angle of repose and angle of marginal stability:
molecular dynamics of granular particles”, Journal of Physics A: Mathematical
and General, vol. 26, no. 2, pp. 373-83.
Leslie, D. (2009), “Modelling and Validation of Conveyor Transfer Design”. B.E.
(Mech Eng.) Thesis, University of Wollongong, Wollongong, NSW, Australia.
pp. 106.
Li, F., Pan, J. and Sinka, C. (2009), “Contact laws between solid particles”, Journal of
the Mechanics and Physics of Solids, vol. 57, no. 8, pp. 1194-208.
Li, H. and McCarthy, J. J. (2006), “Cohesive particle mixing and segregation under
shear”, Powder Technology, vol. 164, no. 1, pp. 58-64.
Li, Y., Xu, Y., Jiang, S. and Thornton, C. (2007), “DEM simulations and experiments of
pebble flow with monosized spheres”, in Proceedings of Discrete Element
Methods (DEM) ’07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Li, Y., Xu, Y. and Thornton, C. (2005), “A comparison of discrete element simulations
and experiments for 'sandpiles' composed of spherical particles”, Powder
Technology, vol. 160, no. 3, pp. 219-28.
Lian, G., Thornton, C. and Adams, M. J. (1993), “A Theoretical Study of the Liquid
Bridge Forces between Two Rigid Spherical Bodies”, Journal of Colloid and
Interface Science, vol. 161, no. 1, pp. 138-47.
Liffman, K., Nguyen, M., Metcalfe, G. and Cleary, P. (2001), “Forces in piles of
granular material: an analytic and 3D DEM study”, Granular Matter, vol. 3, no.
3, pp. 165-76.
Liu, J. and Zhou, J. (2008), “Numerical Study on Sandpile Formation of Granular
Materials with Different Grain Size Distributions”, in Geotechnical Engineering
for Disaster Mitigation and Rehabilitation, Proceedings of the 2nd International
Conference GEDMAR08, Nanjing, China, H. Liu, A. Deng and J. Chu (eds),
China, Science Press Beijing, pp. 374-80.
Liu, P. Y., Yang, R. Y. and Yu, A. B. (2009), “Numerical Study of the Effect of Liquid
Surface Tension on the Flow of Wet Particles in a Rotating Drum”, in
Proceedings of the 6th International Conference for Conveying and Handling of
Particulate Solids (CHoPS), Brisbane, Queensland, Australia, Proceedings on
USB, pp. 585-90.
Liu, S. H. (2006), “Simulating a direct shear box test by DEM”, Canadian Geotechnical
Journal, vol. 43, no. 2, pp. 155-68.
Liu, S. H., Sun, D. a. and Matsuoka, H. (2005a), “On the interface friction in direct
shear test”, Computers and Geotechnics, vol. 32, no. 5, pp. 317-25.
414

References

Liu, X. Y., Specht, E. and Mellmann, J. (2005b), “Experimental study of the lower and
upper angles of repose of granular materials in rotating drums”, Powder
Technology, vol. 154, no. 2-3, pp. 125-31.
Lonie, K. W. (1989), “The Design of Conveyor Transfer Chutes”, in Proceedings of the
Third International Conference on Bulk Materials and Transportation,
Newcastle, Australia, 27-29 June, pp. 240-44.
Loughran, J. G. and Britton, P. F. (2007), “Modelling of coal flow through industrial
scale transfer chutes”, in Proceedings of Discrete Element Methods (DEM) ’07,
Brisbane, Australia, 27-29 August, Proceedings on CD.
Loughran, J. G., Leonardi, C. R. and Anderson, S. I. (2004), “DEM of Bulk Flow
through Complex Transitions”, in Proceedings of the 8th International
Conference on Bulk Materials Storage, Handling and Transportation (ICBMH'
04), Wollongong, NSW, Australia, pp. 204-08.
Lu, M. and McDowell, G. (2007), “The importance of modelling ballast particle shape
in the discrete element method”, Granular Matter, vol. 9, no. 1, pp. 69-80.
Luding, S. (1997), “Stress distribution in static two-dimensional granular model media
in the absence of friction”, Physical Review E, vol. 55, no. 4, pp. 4720-29.
Luding, S. (2004), “Molecular Dynamics Simulations of Granular Materials”, in The
Physics of Granular Media, H. Hinrichsen and D. Wolf (eds), Wiley-VCH, pp.
299-324.
Luding, S. (2005), “Shear flow modeling of cohesive and frictional fine powder”,
Powder Technology, vol. 158, no. 1-3, pp. 45-50.
Luding, S. (2008a), “Cohesive, frictional powders: contact models for tension”,
Granular Matter, vol. 10, no. 4, pp. 235-46.
Luding, S. (2008b), “The Effect of Friction on Wide Shear Bands”, Particulate Science
and Technology, vol. 26, no. 1, pp. 33 - 42.
Malone, K. F. and Xu, B. H. (2008), “Determination of contact parameters for discrete
element method simulations of granular systems”, Particuology, vol. 6, no. 6, pp.
521-28.
Markauskas, D. (2006), “Discrete element modelling of complex axisymmetrical
particle flow”, Mechanika, vol. 6, no. 62, pp. 32-38.
Markauskas, D. and Kačianauskas, R. (2009), “DEM Simulations of Rice Grain Flow by
Multi-Sphere Particles”, in Proceedings of the 6th International Conference for
Conveying and Handling of Particulate Solids (CHoPS), Brisbane, Queensland,
Australia, 3-7 August, Proceedings on USB, pp. 112-17.
Markauskas, D., Kačianauskas, R., Džiugys, A. and Navakas, R. (2010), “Investigation
of adequacy of multi-sphere approximation of elliptical particles for DEM
simulations”, Granular Matter, vol. 12, no. 1, pp. 107-23.
415

References

Maton, A. E. (2007a), “Transfer station design”, Bulk Solids Handling, vol. 27, no. 2,
pp. 94-100.
Maton, A. E. (2007b), “Transfer station design for iron ore”, Bulk Solids Handling, vol.
27, no. 5, pp. 302-06.
Matuttis, H. G., Luding, S. and Herrmann, H. J. (2000), “Discrete element simulations
of dense packings and heaps made of spherical and non-spherical particles”,
Powder Technology, vol. 109, no. 1-3, pp. 278-92.
Matweb. (2010). “304 Stainless Steel”. [Online, accessed 10 January 2010],
http://www.matweb.com
Maw, N., Barber, J. R. and Fawcett, J. N. (1976), “The oblique impact of elastic
spheres”, Wear, vol. 38, no. 1, pp. 101-14.
McBride, A., Govender, I., Powell, M. and Cloete, T. (2004), “Contributions to the
experimental validation of the discrete element method applied to tumbling
mills”, Engineering Computations, vol. 21, no. 2/3/4, pp. 119-36.
McBride, W. and Cleary, P. W. (2009), “An investigation and optimization of the
`OLDS' elevator using Discrete Element Modeling”, Powder Technology, vol.
193, no. 3, pp. 216-34.
McCarthy, J. J. (2003), “Micro-modeling of cohesive mixing processes”, Powder
Technology, vol. 138, no. 1, pp. 63-67.
McLean, A. G. (1992), “System Design Requirements for Wet Solids Handling”, in
Proceedings of the 4th International Conference on Bulk Materials Storage,
Handling and Transporation (ICBMH 92), Wollongong, Australia, 6-8 July, pp.
273-78.
Megias-Alguacil, D. and Gauckler, L. J. (2010), “Analysis of the capillary forces
between two small solid spheres binded by a convex liquid bridge”, Powder
Technology, vol. 198, no. 2, pp. 211-18.
Mehta, A. and Barker, G. C. (1994), “Disorder, Memory and Avalanches in Sandpiles”,
EPL (Europhysics Letters), vol. 27, no. 7, pp. 501-06.
Mellmann, J. (2001), “The transverse motion of solids in rotating cylinders--forms of
motion and transition behavior”, Powder Technology, vol. 118, no. 3, pp. 25170.
Miller, S. and Luding, S. (2004), “Event-driven molecular dynamics in parallel”,
Journal of Computational Physics, vol. 193, no. 1, pp. 306-16.
Mills, B. (2009), “Development, Construction & Commissioning of a Large Scale Wall
Friction Testing Machine”. B.E. (Mech Eng.) Thesis, University of Wollongong,
Wollongong, NSW, Australia. pp. 122.
Mindlin, R. D. (1949), “Compliance of Elastic Bodies in Contact”, Journal of Applied
Mechanics, vol. 16, pp. 259-67.
416

References

Mindlin, R. D. and Deresiewicz, H. (1953), “Elastic Spheres in Contact Under Varying
Oblique Forces”, Journal of Applied Mechanics, vol. 20, pp. 327-44.
Minkin, A., Katterfeld, A. and Groger, T. (2007), “Application of the discrete element
method in materials handling - Part 2: Screw and shaftless screw conveyors”,
Bulk Solids Handling, vol. 27, no. 2, pp. 92-93.
Mio, H., Shimosaka, A., Shirakawa, Y. and Hidaka, J. (2005), “Optimum cell size for
contact detection in the algorithm of the discrete element method”, Journal of
Chemical Engineering of Japan, vol. 38, no. 12, pp. 969-75.
Mitarai, N. and Nori, F. (2006), “Wet granular materials”, Advances in Physics, vol.
55, no. 1, pp. 1 - 45.
Moaveni, S. (2003), Finite element analysis : theory and application with ANSYS, 2nd
Ed, Pearson Education, Upper Saddle River, NJ.
Molerus, O. (1975), “Theory of yield of cohesive powders”, Powder Technology, vol.
12, no. 3, pp. 259-75.
Molerus, O. (1978), “Effect of interparticle cohesive forces on the flow behaviour of
powders”, Powder Technology, vol. 20, no. 2, pp. 161-75.
Molerus, O. and Nywlt, M. (1984), “The influence of the fine particle content of the
flow behaviour of bulk materials”, Powder Technology, vol. 37, no. 1, pp. 14554.
Morgeneyer, M. and Schwedes, J. (2004), “On the Measurement of Tensile Strength of
Dry Agglomerates”, in Proceedings of the 8th International Conference on Bulk
Materials Storage, Handling and Transporation (ICBMH 04), Wollongong,
NSW, 5-8 July, pp. 64-68.
Morrison, R. D. and Cleary, P. W. (2007), “The road towards a Virtual Comminution
Machine”, in Proceedings of Discrete Element Methods (DEM) ’07, Brisbane,
Australia, 27-29 August, Proceedings on CD.
Mustoe, G. G. W. and DePoorter, G. (1993), “A numerical model for the mechanical
behavior of particulate media containing non-circular shaped particles”, in
Powders & Grains 93, C. Thornton (ed.), Balkema, Rotterdam, pp. 421-27.
Mustoe, G. G. W. and Miyata, M. (2001), “Material Flow Analyses of NoncircularShaped Granular Media Using Discrete Element Methods”, Journal of
Engineering Mechanics, vol. 127, no. 10, pp. 1017-26.
Nedderman, R. M. (1992), Statics and Kinematics of Granular Materials, 1st Ed,
Cambridge University Press New York, U.S.A.
New South Wales Government. (2009). “Occupational Health and Safety Regulation
2001”. [Online, accessed 5 June 2009],
http://www.legislation.nsw.gov.au/maintop/view/inforce/subordleg+648+2001+
cd+0+N
417

References

Newitt, D. M. and Conway-Jones, J. M. (1958), “A contribution to the theory and
practice of granulation”, Transactions of the Institution of Chemical Engineers,
vol. 36, pp. 422-42.
Nezami, E. G., Hashash, Y. M. A., Zhao, D. and Ghaboussi, J. (2004), “A fast contact
detection algorithm for 3-D discrete element method”, Computers and
Geotechnics, vol. 31, no. 7, pp. 575-87.
Ning, Z. and Ghadiri, M. (2006), “Distinct element analysis of attrition of granular
solids under shear deformation”, Chemical Engineering Science, vol. 61, no. 18,
pp. 5991-6001.
Nordell, L. (1997), “Particle Flow Modeling: Transfer Chutes & Other Applications”,
in Proceedings of BELTCON 9, Johannesburg, Republic of South Africa,
October.
Nordell, L. K. (1994), “Palabora installs curved transfer chute in hard rock to minimize
belt cover wear”, Bulk Solids Handling, vol. 14, no. 4, pp. 739-43.
Nordell, L. K. (2003), “Modern Ore Transfer Chute & Belt Feeder Designs Developed
from Discrete Element Modeling (DEM)”, in Proceedings of BELTCON 12,
Republic of South Africa, July.
O'Sullivan, C. and Bray, J. D. (2004), “Selecting a suitable time step for discrete
element simulations that use the central difference time integration scheme”,
Engineering Computations, vol. 21, no. 2-4, pp. 278-303.
O'Sullivan, C., Cui, L. and Bray, J. D. (2004), “Three-dimensional discrete element
simulations of direct shear tests”, in Numerical Modeling in Micromechanics
Via Particle Methods - 2004, Y. Shimizu, R. Hart and P. A. Cundall (eds), USA,
Taylor & Francis, pp. 373-82.
Ogata, K. (2004), System Dynamics, 4th Ed, Pearson Education, Inc., Upper Saddle
River, New Jersey.
Ooi, J. Y. (2009), “Discrete Element Modelling of Particulate System: from Research to
Practice”, in Proceedings of the 6th International Conference for Conveying and
Handling of Particulate Solids (CHoPS), Brisbane, Queensland, Australia, 3-7
August, Proceedings on USB, pp. 32.
Orband, J. L. R. and Geldart, D. (1997), “Direct measurement of powder cohesion using
a torsional device”, Powder Technology, vol. 92, no. 1, pp. 25-33.
Orlando, A. D., Ji, S., Shen, H. H. and Favier, J. (2007), “Simulation of a Direct Shear
Box Experiment using EDEM”, in Proceedings of Discrete Element Methods
(DEM) ’07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Ouadfel, H. and Rothenburg, L. (1999), “An algorithm for detecting inter-ellipsoid
contacts”, Computers and Geotechnics, vol. 24, no. 4, pp. 245-63.

418

References

Owen, P. J. and Cleary, P. W. (2009), “Prediction of screw conveyor performance using
the Discrete Element Method (DEM)”, Powder Technology, vol. 193, no. 3, pp.
274-88.
Pandey, P., Song, Y., Kayihan, F. and Turton, R. (2006), “Simulation of particle
movement in a pan coating device using discrete element modeling and its
comparison with video-imaging experiments”, Powder Technology, vol. 161, no.
2, pp. 79-88.
Perkins, E. and Williams, J. R. (2001), “A fast contact detection algorithm insensitive to
object sizes ”, Engineering Computations, vol. 18, no. 1-2, pp. 48-61.
Pierrat, P. and Caram, H. S. (1997), “Tensile strength of wet granular materials”,
Powder Technology, vol. 91, no. 2, pp. 83-93.
Pillai, J. R., Bradley, M. S. A. and Berry, R. J. (2007), “Comparison between the angles
of wall friction measured on an on-line wall friction tester and the Jenike wall
friction tester”, Powder Technology, vol. 174, no. 1-2, pp. 64-70.
Pinson, D., Reed, J., Wright, B. and Yu, A. B. (2004), “Application of Discrete Particle
Simulation to Flow in a Transfer Chute”, in Proceeding of the 8th International
Conference on Bulk Materials Storage, Handling and Transportation (ICBMH'
04), Wollongong, NSW, Australia, pp. 294-98.
Pinson, D. and Wright, B. (2007), “Industrial Application of Discrete Particle
Simulation at BlueScope Steel”, in Proceedings of Discrete Element Methods
(DEM) ’07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Potapov, A. V. and Campbell, C. S. (1998), “A fast model for the simulation of nonround particles”, Granular Matter, vol. 1, no. 1, pp. 9-14.
Pournin, L. and Liebling, T. M. (2005), “A Generalization of Distinct Element Method
to Tridimensional Particles with Complex Shapes”, in Powders and Grains 2005,
R. Garcia-Rojo, H. J. Herrmann and S. McNamara (eds), London, Taylor &
Francis Group, vol. 2, pp. 1375-78.
Prenner, M. (2010), “The Use of “Discrete – Element – Simulation“ for bulk - materials
handling technologies”, BulkSolids Europe 2010, Glasgow, Scotland, 9-10 Sept,
Proc on USB, pp. [15].
Prescott, J. K., Ploof, D. A. and Carson, J. W. (1999), “Developing a Better
Understanding of Wall Friction”, Powder Handling and Processing, vol. 11, no.
1, pp. 27-36.
Price, M. and Morrison, G. (2007), “Validating rigid body simulation of real particle
shapes using pose estimation from high-speed video”, in Proceedings of Discrete
Element Methods (DEM) ’07, Brisbane, Australia, 27-29 August, Proceedings
on CD.
Price, M., Murariu, V. and Morrison, G. (2007). “Sphere clump generation and
trajectory comparison for real particles”. [Online, accessed 24 July 2009],
http://www.cogency.co.za/images/info/dem2007_sphereclump.pdf
419

References

Qenos (2005), Technical Information: Alkatuff Polyethylene-Grade LL0130AB, Qenos
Pty Ltd, Victoria, Australia, pp. 2.
Qiu, X. and Kruse, D. (1997), “Analysis of Flow of Ore Materials in a Conveyor
Transfer Chute Using Discrete Element Method”, in Proceedings of the
Symposium on the Mechanics of Particulate Materials, Evanston, Illinois, USA,
29 June - 2 July, ASCE, New York, pp. 395-404.
Rajamani, R. K. (2007), “Simulation of Charge Transport in the Pulp Lifter of a Semi
Autogenous Grinding Mill”, in Proceedings of Discrete Element Methods
(DEM) ’07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Raji, A. O. and Favier, J. F. (2004), “Model for the deformation in agricultural and food
particulate materials under bulk compressive loading using discrete element
method. I: Theory, model development and validation”, Journal of Food
Engineering, vol. 64, no. 3, pp. 359-71.
Roberts, A. W. (1998), “Particle Technology - Reflections and Horizons: An
Engineering Perspective”, Chemical Engineering Research and Design, vol. 76,
no. 3, pp. 775-96.
Roberts, A. W. (2003), “Chute performance and design for rapid flow conditions”,
Chemical Engineering and Technology, vol. 26, no. 2, pp. 163-70.
Roberts, A. W., Sollie, L. A. and de Silva, S. R. (1993), “Interaction of bulk solid
characteristics and surface parameters in surface or boundary friction
measurements”, Tribology International, vol. 26, no. 5, pp. 335-43.
Roberts, A. W. and Wiche, S. (1993), “Prediction of lining wear life of bins and chutes
in bulk solids handling operations”, Tribology International, vol. 26, no. 5, pp.
345-51.
Rojek, J., Zarate, F., Agelet de, S., Carlos., Gilbourne, C. and Verdot, P. (2005),
“Discrete element modelling and simulation of sand mould manufacture for the
lost foam process”, International Journal for Numerical Methods in Engineering,
vol. 62, no. 11, pp. 1421-41.
Rothenburg, L. and Bathurst, R. J. (1991), “Numerical simulation of idealized granular
assemblies with plane elliptical particles”, Computers and Geotechnics, vol. 11,
no. 4, pp. 315-29.
Rotter, J. M., Holst, J. M. F. G., Ooi, J. Y. and Sanad, A. M. (1998), “Silo pressure
predictions using discrete-element and finite-element analyses”, Philosophical
Transactions of the Royal Society of London. Series A: Mathematical, Physical
and Engineering Sciences, vol. 356, no. 1747, November 15, 1998, pp. 2685712.
Rumpf, H. (1962), “The strength of granules and agglomerates”, in AIME,
Agglomeration, W. A. Knepper (ed.), New York, Interscience Publishers, pp.
379–418.

420

References

Runesson, K. and Nilsson, L. (1986), “Finite element modelling of the gravitational
flow of a granular material”, Bulk Solid Handling, vol. 6, no. 5, pp. 877-84.
Sadd, M. H., Tai, Q. and Shukla, A. (1993), “Contact law effects on wave propagation
in particulate materials using distinct element modeling”, International Journal
of Non-Linear Mechanics, vol. 28, no. 2, pp. 251-65.
Sakai, M. and Koshizuka, S. (2009), “Large-scale discrete element modeling in
pneumatic conveying”, Chemical Engineering Science, vol. 64, no. 3, pp. 53339.
Sammis, C. G. and Steacy, S. J. (1994), “The micromechanics of friction in a granular
layer”, Pure and Applied Geophysics, vol. 142, no. 3, pp. 777-94.
Sawley, M. L. and Cleary, P. W. (1999), “A Parallel Discrete Element Method for
Industrial Granular Flow Simulations”, EPFL Supercomputing Review, vol. 11,
pp. 23-28.
Schäfer, J., Dippel, S. and Wolf, D. E. (1996), “Force Schemes in Simulations of
Granular Materials”, Journal of Physique I France, vol. 6, no. 1, pp. 5-20.
Schulze, D. (2007), Powders and Bulk Solids: Behavior, Characterization, Storage and
Flow, 1st Ed, Springer, New York, USA.
Schulze, D. and Wittmaier, A. (2003), “Flow Properties of Highly Dispersed Powders
at Very Small Consolidation Stresses”, Chemical Engineering & Technology,
vol. 26, no. 2, pp. 133-37.
Schwedes, J. (2003), “Review on testers for measuring flow properties of bulk solids”,
Granular Matter, vol. 5, no. 1, pp. 1-43.
Schweiger, A. and Zimmermann, I. (1999), “A new approach for the measurement of
the tensile strength of powders”, Powder Technology, vol. 101, no. 1, pp. 7-15.
Scott, O. J. and Choules, P. R. (1993), “The use of impact plates in conveyor transfers”,
Tribology International, vol. 26, no. 5, pp. 353-59.
Scott, O. J. and Keys, S. (1992), “The Variation of Boundary Friction for Granular
Products”, in Proceedings of the 4th International Conference on Bulk Materials
Storage, Handling and Transportation (ICBMH 92), Wollongong, Australia, pp.
279-86.
Silbert, L. E., Ertas, D., Grest, G. S., Halsey, T. C., Levine, D. and Plimpton, S. J.
(2001), “Granular flow down an inclined plane: Bagnold scaling and rheology”,
Physical Review E, vol. 64, no. 5, pp. 051302.
Simons, S. J. R. (2006), “Liquid Bridges in Granules”, in Handbook of Powder
Technology, A. D. Salman, M. J. Hounslow and J. P. K. Seville (eds), Elsevier
Science, vol. 11, pp. 1257-316.

421

References

Smith, L. and Tüzün, U. (2002), “Stress, voidage and velocity coupling in an
avalanching granular heap”, Chemical Engineering Science, vol. 57, no. 18, pp.
3795-807.
Song, Y., Turton, R. and Kayihan, F. (2006), “Contact detection algorithms for DEM
simulations of tablet-shaped particles”, Powder Technology, vol. 161, no. 1, pp.
32-40.
Standards Australia (2001), AS 1038.1-2001 Coal and coke-Analysis and testing: Part
1: Higher rank coal-Total moisture.
Standards Australia (2002), AS 3881-2002 Higher rank coal-Size analysis.
Stevens, A. B. and Hrenya, C. M. (2005), “Comparison of soft-sphere models to
measurements of collision properties during normal impacts”, Powder
Technology, vol. 154, no. 2-3, pp. 99-109.
Stuart-Dick, D. and Royal, T. A. (1992). “Design Principles for Chutes to Handle Bulk
Solids”. [Online, accessed 17 April 2007],
http://www.jenike.com/pages/education/papers/design-principles-chutes.pdf
Subero, J., Ning, Z., Ghadiri, M. and Thornton, C. (1999), “Effect of interface energy on
the impact strength of agglomerates”, Powder Technology, vol. 105, no. 1-3, pp.
66-73.
Taber, C. S. (1996), Computational modeling, Sage Publications, Thousand Oaks,
California.
Thermo Fisher Scientific Australia Pty Ltd (2009a), DT80 User's Manual, Thermo
Fisher Scientific Australia Pty Ltd, Victoria, Australia.
Thermo Fisher Scientific Australia Pty Ltd (2009b), DT800 User's Manual, Thermo
Fisher Scientific Australia Pty Ltd, Victoria, Australia.
Theuerkauf, J., Dhodapkar, S. and Jacob, K. (2004), “Simulating Shear Testers using
the Discrete Element Method”, in Proceedings of the 8th International
Conference on Bulk Materials Storage, Handling and Transporation (ICBMH
04), Wollongong, NSW, 5-8 July, pp. 90-96.
Theuerkauf, J., Dhodapkar, S., Manjunath, K., Jacob, K. and Steinmetz, T. (2003),
“Applying the Discrete Element Method in Process Engineering”, Chemical
Engineering & Technology, vol. 26, no. 2, pp. 157-62.
Thornton, C. and Yin, K. K. (1991), “Impact of elastic spheres with and without
adhesion”, Powder Technology, vol. 65, no. 1-3, pp. 153-66.
Thornton, C. and Zhang, L. (2003), “Numerical Simulations of the Direct Shear Test”,
Chemical Engineering & Technology, vol. 26, no. 2, pp. 153-56.
Ting, J. M., Meachum, L. and Rowell, J. D. (1995), “Effect of particle shape on the
strength and deformation mechanisms of ellipse-shaped granular assemblages”,
Engineering Computations, vol. 12, no. 2, pp. 99-108.
422

References

Tomas, J. (2001a), “Assessment of Mechanical Properties of Cohesive Particulate
Solids. Part 1: Particle Contact Constitutive Model”, Particulate Science and
Technology, vol. 19, no. 2, pp. 95 - 110.
Tomas, J. (2001b), “Assessment of Mechanical Properties of Cohesive Particulate
Solids. Part 2: Powder Flow Criteria”, Particulate Science and Technology, vol.
19, no. 2, pp. 111 - 29.
Tomas, J. (2004a), “Product Design of Cohesive Powders - Mechanical Properties,
Compression and Flow Behavior”, Chemical Engineering & Technology, vol.
27, no. 6, pp. 605-18.
Tomas, J. (2004b), “Fundamentals of cohesive powder consolidation and flow”,
Granular Matter, vol. 6, no. 2-3, pp. 75-86.
Tsuji, Y. (2000), “Activities in discrete particle simulation in Japan”, Powder
Technology, vol. 113, no. 3, pp. 278-86.
Tsuji, Y., Kawaguchi, T. and Tanaka, T. (1993), “Discrete particle simulation of twodimensional fluidized bed”, Powder Technology, vol. 77, no. 1, pp. 79-87.
Tsuji, Y., Tanaka, T. and Ishida, T. (1992), “Lagrangian numerical simulation of plug
flow of cohesionless particles in a horizontal pipe”, Powder Technology, vol.
71, no. 3, pp. 239-50.
Tuley, R. J. (2007), “Modelling Dry Powder Inhaler Operation with the Discrete
Element Method”. PhD Thesis, Imperial College London, London. pp. 167.
Tüzün, U., Baxter, J. and Heyes, D. M. (2004), “Analysis of the evolution of granular
stress-strain and voidage states based on DEM simulations”, Philosophical
Transactions of the Royal Society of London. Series A: Mathematical, Physical
and Engineering Sciences, vol. 362, no. 1822, September 15, 2004, pp. 1931-51.
Tykhoniuk, R., Tomas, J. and Luding, S. (2003), “Shear dynamics simulations of highdisperse cohesive powder”, Particulate Systems Analysis, Harrogate, UK, 10–12
September.
Valverde, J. M., Ramos, A., Castellanos, A. and Keith Watson, P. (1998), “The tensile
strength of cohesive powders and its relationship to consolidation, free volume
and cohesivity”, Powder Technology, vol. 97, no. 3, pp. 237-45.
Vu-Quoc, L., Lesburg, L. and Zhang, X. (2004), “An accurate tangential forcedisplacement model for granular-flow simulations: Contacting spheres with
plastic deformation, force-driven formulation”, Journal of Computational
Physics, vol. 196, no. 1, pp. 298-326.
Vu-Quoc, L. and Zhang, X. (1999), “An accurate and efficient tangential forcedisplacement model for elastic frictional contact in particle-flow simulations”,
Mechanics of Materials, vol. 31, no. 4, pp. 235-69.

423

References

Vu-Quoc, L., Zhang, X. and Walton, O. R. (2000), “A 3-D discrete-element method for
dry granular flows of ellipsoidal particles”, Computer Methods in Applied
Mechanics and Engineering, vol. 187, no. 3-4, pp. 483-528.
Walton, O. R. (1982), “Explicit Particle Dynamics Model for Granular Materials”, in
Proceedings of the 4th International Conference on Numerical Methods in
Geomechanics, Edmonton, Alberta, Canada, 31 May - 4 June, pp. 1261-68.
Walton, O. R. (1983), “Particle-Dynamics Calculations of Shear Flow”, in Mechanics
of Granular Materials : New Models and Constitutive Relations, J. T. Jenkins
and M. Satake (eds), Amsterdam, Elsevier, pp. 327-38.
Walton, O. R. (1993), “Numerical Simulation of Inclined Chute Flows of Monodisperse,
Inelastic, Frictional Spheres”, Mechanics of Materials, vol. 16, no. 1-2, pp. 23947.
Walton, O. R. and Braun, R. L. (1986a), “Viscosity, Granular-Temperature, and Stress
Calculations for Shearing Assemblies of Inelastic, Frictional Disks”, Journal of
Rheology, vol. 30, no. 5, pp. 949-80.
Walton, O. R. and Braun, R. L. (1986b), “Stress Calculations for Assemblies of
Inelastic Spheres in Uniform Shear”, Acta Mechanica, vol. 63, pp. 73-86.
Walton, O. R. and Braun, R. L. (1993), “Simulation of rotary-drum and repose tests for
frictional spheres and rigid sphere clusters”, in Proceedings of the DOE/NSF
Workshop on Flow of Particulates and Fluids, Ithaca, NY, USA, 29 Sept - 1 Oct.
Walton, O. R., Braun, R. L., Mallon, R. G. and Cervelli, D. M. (1988), “ParticleDynamics Calculations of Gravity Flow of inelastic, Frictional Spheres”, in
Micromechanics of Granular Materials, M. Satake and J. T. Jenkins (eds),
Amsterdam, Elsevier Science Publications, pp. 153-61.
Wang, G. X., Massarotto, P. and Rudolph, V. (2009a), “An improved permeability
model of coal for coalbed methane recovery and CO2 geosequestration”,
International Journal of Coal Geology, vol. 77, no. 1-2, pp. 127-36.
Wang, X., Zhu, H. P. and Yu, A. B. (2009b), “Stress Inhomogeneity of Solid Flow in
Annular Shear Cell”, in Proceedings of the 6th International Conference for
Conveying and Handling of Particulate Solids (CHoPS), Brisbane, Queensland,
Australia, 3-7 August, Proceedings on USB, pp. 132-37.
Watanabe, H. (1999), “Critical rotation speed for ball-milling”, Powder Technology,
vol. 104, no. 1, pp. 95-99.
Wieckowski, Z. (2004), “The material point method in large strain engineering
problems”, Computer Methods in Applied Mechanics and Engineering, vol. 193,
no. 39-41, pp. 4417-38.
Wieckowski, Z., Youn, S. K. and Yeon, J. H. (1999), “A particle-in-cell solution to the
silo discharging problem”, International Journal for Numerical Methods in
Engineering, vol. 45, no. 9, pp. 1203-25.
424

References

Wightman, C., Moakher, M., Muzzio, F. J. and Walton, O. (1998), “Simulation of Flow
and Mixing of Particles in a Rotating and Rocking Cylinder”, AIChE Journal,
vol. 44, no. 6, pp. 1266-76.
Willett, C. D., Adams, M. J., Johnson, S. A. and Seville, J. P. K. (2000), “Capillary
Bridges between Two Spherical Bodies”, Langmuir, vol. 16, no. 24, pp. 9396405.
Willett, C. D., Adams, M. J., Johnson, S. A. and Seville, J. P. K. (2006), “Pendular
Capillary Bridges”, in Handbook of Powder Technology, A. D. Salman, M. J.
Hounslow and J. P. K. Seville (eds), Elsevier Science, vol. 11, pp. 1317-52.
Witherspoon, R. (2008), “Bucket Wheel Stacker/Reclaimer Chute Design and Analysis”,
2008 ANSYS Australasian User Conference, Sydney, Australia, 10-11
November.
Wu, W. (2006), “Simulation of Particle Flow Using the Discrete Element Method”. B.E.
Thesis, The University of Queensland, Queensland, Australia. pp. 170.
Wu, W. and Morrison, D. J. (2007), “Validation of the Discrete Element Method
through Experimentation”, in Proceedings of Discrete Element Methods (DEM)
’07, Brisbane, Australia, 27-29 August, Proceedings on CD.
Xiang, J. and McGlinchey, D. (2003), “Numerical Simulation of Particle Motion in
Dense Phase Pneumatic Conveying”, in Proceedings of the 4th International
Conference for Conveying and Handling of Particulate Solids Volume 2,
Budapest, Hungary, 27 - 30 May, pp. 11.1 - 11.6.
Xu, B. H. and Yu, A. B. (1997), “Numerical simulation of the gas-solid flow in a
fluidized bed by combining discrete particle method with computational fluid
dynamics”, Chemical Engineering Science, vol. 52, no. 16, pp. 2785-809.
Yang, R. Y., Yu, A. B., Choi, S. K., Coates, M. S. and Chan, H. K. (2008a),
“Agglomeration of fine particles subjected to centripetal compaction”, Powder
Technology, vol. 184, no. 1, pp. 122-29.
Yang, R. Y., Yu, A. B., McElroy, L. and Bao, J. (2008b), “Numerical simulation of
particle dynamics in different flow regimes in a rotating drum”, Powder
Technology, vol. 188, no. 2, pp. 170-77.
Yang, R. Y., Zou, R. P. and Yu, A. B. (2000), “Computer simulation of the packing of
fine particles”, Physical Review E, vol. 62, no. 3, pp. 3900-08.
Yang, R. Y., Zou, R. P. and Yu, A. B. (2003a), “Microdynamic analysis of particle flow
in a horizontal rotating drum”, Powder Technology, vol. 130, no. 1-3, pp. 13846.
Yang, R. Y., Zou, R. P. and Yu, A. B. (2003b), “Numerical study of the packing of wet
coarse uniform spheres”, American Institute of Chemical Engineers. AIChE
Journal, vol. 49, no. 7, pp. 1656.

425

References

Yang, R. Y., Zou, R. P., Yu, A. B. and Choi, S. K. (2008c), “Characterization of
interparticle forces in the packing of cohesive fine particles”, Physical Review
E, vol. 78, no. 3, pp. 031302-8.
Yen, K. Z. Y. and Chaki, T. K. (1992), “A dynamic simulation of particle
rearrangement in powder packings with realistic interactions”, Journal of
Applied Physics, vol. 71, no. 7, pp. 3164-73.
Yu, A. B., Feng, C. L., Zou, R. P. and Yang, R. Y. (2003), “On the relationship between
porosity and interparticle forces”, Powder Technology, vol. 130, no. 1-3, pp.
70-76.
Zhang, D. and Whiten, W. J. (1996), “The calculation of contact forces between
particles using spring and damping models”, Powder Technology, vol. 88, no. 1,
pp. 59-64.
Zhang, J., Hu, Z., Ge, W., Zhang, Y., Li, T. and Li, J. (2004), “Application of the
Discrete Approach to the Simulation of Size Segregation in Granular Chute
Flow”, Industrial & Engineering Chemistry Research, vol. 43, no. 18, pp. 552128.
Zhang, X. and Vu-Quoc, L. (2000), “Simulation of chute flow of soybeans using an
improved tangential force-displacement model”, Mechanics of Materials, vol.
32, no. 2, pp. 115-29.
Zhao, D., Nezami, E. G., Hashash, Y. M. A. and Ghaboussi, J. (2006), “ThreeDimensional Discrete Element Simulation for Granular Materials”, Engineering
Computations, vol. 23, no. 7, pp. 749-70.
Zhou, C. and Ooi, J. Y. (2009), “Numerical investigation of progressive development of
granular pile with spherical and non-spherical particles”, Mechanics of
Materials, vol. 41, no. 6, pp. 707-14.
Zhou, Y. C., Wright, B. D., Yang, R. Y., Xu, B. H. and Yu, A. B. (1999), “Rolling
friction in the dynamic simulation of sandpile formation”, Physica A: Statistical
Mechanics and its Applications, vol. 269, no. 2-4, pp. 536-53.
Zhou, Y. C., Xu, B. H., Yu, A. B. and Zulli, P. (2001), “Numerical investigation of the
angle of repose of monosized spheres”, Physical Review E, vol. 64, no. 2, pp.
021301.
Zhou, Y. C., Xu, B. H., Yu, A. B. and Zulli, P. (2002), “An experimental and numerical
study of the angle of repose of coarse spheres”, Powder Technology, vol. 125,
no. 1, pp. 45-54.
Zhu, H. P. and Yu, A. B. (2003), “The effects of wall and rolling resistance on the
couple stress of granular materials in vertical flow”, Physica A: Statistical
Mechanics and its Applications, vol. 325, no. 3-4, pp. 347-60.
Zhu, H. P. and Yu, A. B. (2004), “Steady-state granular flow in a three-dimensional
cylindrical hopper with flat bottom: microscopic analysis”, Journal of Physics
D: Applied Physics, vol. 37, no. 10, pp. 1497-508.
426

References

Zhu, H. P. and Yu, A. B. (2006), “A theoretical analysis of the force models in discrete
element method”, Powder Technology, vol. 161, no. 2, pp. 122-29.
Zhu, H. P., Zhou, Z. Y., Yang, R. Y. and Yu, A. B. (2007), “Discrete particle
simulation of particulate systems: Theoretical developments”, Chemical
Engineering Science, vol. 62, no. 13, pp. 3378-96.
Zhu, H. P., Zhou, Z. Y., Yang, R. Y. and Yu, A. B. (2008), “Discrete particle
simulation of particulate systems: A review of major applications and findings”,
Chemical Engineering Science, vol. 63, no. 23, pp. 5728-70.
Zipf, R. K. (2006), “Numerical Modeling Procedures for Practical Coal Mine Design”,
in 41st US Rock Mechanics Symposium (Golden Rocks 2006) 50 Years of Rock
Mechanics, D. P. Yale (ed.), NY, USA, Curran Associates, Inc.

427

Appendix A

Appendix

A
Bulk material flow property figures and tables
A.1 Overview

Appendix A contains various figures and tables which have been referred to in Chapters
4, 6, 7 and 9.

Figure A.1 Family of instantaneous yield loci for washed coal at 15% wb moisture
content
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Figure A.2 Instantaneous flow function and internal friction angle δ for washed coal at
15% wb moisture content

Figure A.3 Family of instantaneous yield loci for washed coal at 7.3% wb moisture
content
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Figure A.4 Instantaneous flow function and internal friction angle δ for washed coal at
7.3% wb moisture content
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Figure A.5 Bulk density variation for washed coal at 7.5% wb moisture content

430

Appendix A

1000

-3

Bulk Density (kg m )

950
900
850
800
750
700
0.05116

ρbl = 832.72 (σ1 / 5.939)

650
600
0

10

20

30

40

50

60

Major Consolidation Stress (kPa)

Figure A.6 Bulk density variation for washed coal at 15% wb moisture content

Table A.1 Summary of the measured coefficient of restitution of washed coal particles
Drop height (m) Impact velocity (m s-1) Coal-to-Coal (ep.p) Coal-to-Acrylic (ep.w)
0.2

1.98

0.533

0.646

0.4

2.8

0.535

0.622

0.6

3.43

0.58

0.466

0.55

0.58

Average

Table A.2 Summary of the measured coefficient of restitution of polyethylene pellets
(PP)
Impact velocity PP-to-PP
PP-toPP-to-Mild PP-to-Aerobelt
Drop
height (m)

(m s-1)

(ep.p)

0.2

1.98

0.75

0.71

0.7

0.44

0.4

2.8

0.7

0.66

0.6

0.39

0.6

3.43

0.65

0.61

0.68

0.41

0.8

3.98

0.67

0.63

0.66

0.4

0.69

0.65

0.66

0.41

Average

Acrylic (ep.w) Steel (ep.w)

(ep.w)
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Figure A.7 Family of instantaneous yield loci for TGB at 14.8% wb moisture content

Figure A.8 Instantaneous flow function and internal friction angle δ for TGB at 14.8%
wb moisture content
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Figure A.9 Family of instantaneous yield loci for MGB at 11.1% wb moisture content

Figure A.10 Instantaneous flow function and internal friction angle δ for MGB at
11.1% wb moisture content
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Table A.3 Summary of the measured coefficient of restitution of trihydrate grade
bauxite (TGB)
TGB-toTGB-toDrop
Impact velocity TGB-toTGB-toBisplate 400 Conveyor belt
height (m)
(m s-1)
TGB (ep.p) Acrylic (ep.w)
(ep.w)
(ep.w)
0.2

1.98

0.39

0.57

0.57

0.46

0.4

2.8

0.42

0.58

0.53

0.42

0.6

3.43

0.35

0.56

0.59

0.39

0.8

3.98

0.36

-

0.48

0.37

0.38

0.57

0.54

0.41

Average

Table A.4 Summary of the measured coefficient of restitution of monohydrate grade
bauxite (MGB)
Drop
Impact velocity
MGB-to-MGB
MGB-to-Bisplate
height (m)

(m s-1)

(ep.p)

400 (ep.w)

0.2

1.98

0.44

0.55

0.4

2.8

0.42

0.51

0.6

3.43

0.43

0.53

0.8

3.98

0.39

0.55

0.42

0.54

Average

100

Percent Undersize

80
60
40
20
0
0.1

1
Particle Diameter (mm)
Figure A.11 Particle size distribution of minus 4 mm TGB
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B
LSWFT engineering drawings and electrical diagram
B.1 Overview

Appendix B provides manufacturing drawings of the large scale wall friction tester
general assembly and components including an electrical diagram which have been
drawn by the Mills (2009) and the author. The figures provided in Appendix B are
referred to in Chapter 8.
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Figure B.1 Drawing 1.0 – General assembly of LSWFT
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Figure B.2 Drawing 2.0 – Main frame of LSWFT
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Figure B.3 Drawing 3.0 – Table assembly of LSWFT
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Figure B.4 Drawing 4.0 – Pneumatic support assembly of LSWFT
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Figure B.5 Drawing 5.0 – Carriage and drive assembly of LSWFT

440

Appendix B

Figure B.6 Drawing 6.0 – Modification to normal load cell arrangement
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Figure B.7 Electrical diagram of the LSWFT
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Appendix

C
Large scale wall friction tester PLC ladder logic
program
C.1 Overview

Detailed information and setup of the PLC ladder logic program to control the operation
of the LSWFT are provided in Appendix C that are referred to in Chapter 8. A majority
of the programming was written by Mills (2009) in collaboration with the author and Mr
Brent Percy using RSLogixTM 500. Information that is provided in Appendix C
includes:
•

structure of the ladder logic program including main ladders and subroutines,

•

identification of the digital and analogue inputs and outputs,

•

memory addresses of bits, floating, integer, counters and timers variables,

•

tag names and description of variables,

•

description of the detailed interface to set and change variables,

•

setup of PID controllers and calculation of proportional gain and integral time,

•

conversion factors,

•

notes to help understand program structure and function of variables, conditions
and logic functions.
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Figure C.1 LSWFT PLC ladder logic program – General operation, part 1 of 5
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Figure C.2 LSWFT PLC ladder logic program – General operation, part 2 of 5
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Figure C.3 LSWFT PLC ladder logic program – General operation, part 3 of 5
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Figure C.4 LSWFT PLC ladder logic program – General operation, part 4 of 5
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Figure C.5 LSWFT PLC ladder logic program – General operation, part 5 of 5
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Figure C.6 LSWFT PLC ladder logic program – PID controller and control of normal
force, part 1 of 3
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Figure C.7 LSWFT PLC ladder logic program – PID controller and control of normal
force, part 2 of 3
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Figure C.8 LSWFT PLC ladder logic program – PID controller and control of normal
force, part 3 of 3

Table C.1 Details of the interface to set and change key variables in PLC ladder logic
program
CDM 1 – Detailed Interface
Address (Symbol) = Value [Description]
F8:7 (MAX_FORCE) = 100.0 [Maximum Force (kg)]
F8:2 (FORCE_REDUCTION_VALU) = 10.0 [Force Reduction Value (kg)]
F8:3 (CONSOLIDATION_FORCE) = 200.0 [Consolidation Force(kg)]
F8:4 (JOG_SPEED) = 90.0 [Jog Speed (mm/min)]
F8:0 (SHEAR_SPEED) = 2.2 [Shear Speed (mm/min)]
B3:0/2 (CALIBRATE_Y_N) = 0 [Calibration Mode = 1RETRACT must be selected]
F8:5 (SHEAR_SPEED_CONV) = 303.5 [Factor to convert Shear speed in mm per min to value +-32767]
F8:6 (NORMAL_FORCE_CONV) = 62.5 [Factor to convert Normal Force in kg to value +-32767]
T4:2 (ANTI_RAISE_TIMER) = (...) [Time between top DCV and bottom DCV ON. To prevent piston raising when autos elected]
T4:1 (SHEAR_MOTOR_TIMER) = (...) [Shear Motor Timer: Time between Auto selected and shear motor beginning to move]
T4:5 (LESS_THAN_ZERO) = (...) [Normal force must be less than zero this long before autos witch to final step]
T4:0 (1ST_AUTO_STEP) = (...) [Extra time allowed for 1st Auto step due to extra time needed for material settling]
DN - Done = 0 []
TT - Timer Timing = 0 []
EN - Enable (_) = 0 []
PRE - Preset = 160 [Time for Initial normal force]
ACC - Accumulator = 0 [Counter of time]
T4:6 (AUTO_STEP_TIME) = (...) [Automatic step down if steady state not reached after XX sec]
DN - Done = 0 []
TT - Timer Timing = 0 []
EN - Enable = 0 []
PRE - Preset = 30 [Time for each Step down]
ACC - Accumulator = 0 [Counter]
F8:16 (PID_KC_INTERCEPT) = 28.7 [Intercept of mx+b linear equation for controller Proportional Gain]
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Table C.2 : List and details of used addresses and symbols in PLC ladder logic program
Address/Symbol Database
Address
B3:0/0
B3:0/1
B3:0/2
B3:0/3
B3:0/4
B3:0/5
B3:0/6
B3:0/7
B3:0/8
B3:0/9
B3:0/10
B3:0/11
B3:0/12
B3:0/13
B3:1
B3:1/0
B3:1/1
B3:1/2
B3:1/5
B3:2/0
B3:2/1
B3:2/2
B3:2/3
B3:3/0
B3:3/1
B3:3/2
B3:4/0
B3:4/1
B3:4/2
B3:4/3
B3:4/4
B3:4/5
B3:4/6
B3:4/7
B3:4/8
B3:4/9
B3:4/10
B3:4/11
B3:4/12
B3:4/13
B3:4/14
B3:4/15
B3:5/0
F8:0
F8:1
F8:2
F8:3
F8:4
F8:5
F8:6
F8:7
F8:8
F8:9
F8:10
F8:11
F8:12
F8:13
F8:14
F8:15
F8:16
F8:17
F8:18
F8:19
F8:20
F8:21
F8:22
F8:23
F8:24
I:0/0
I:0/1
I:0/2
I:0/3
I:0/4
I:0/5
I:0/6
I:0/8
I:0/9
I:1.0
I:1.1

Symbol
INIT_COIL
VAR_TEST_1
CALIBRATE_Y_N
MANUAL_DUMMY_COIL
STOP_EVERYTHING1
BREAK_INIT_COIL_RUNG
START_TEST
25_SEC_RUNG_LOCK
STOP_EVERYTHING2
STOP_EVERYTHING3
STOP_EVERYTHING3_1
1ST_AUTO_STEP_LOCK
1ST_AUTO_STEP_UNLOCK
1ST_AUTO_STEP_ONS

Scope
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global

Description
Initialize coil

STEP_DOWN_ONE_SHOT
FINAL_STEP_THEN_END

Global
Global

One shot for subtracting value from F8:1
To End program after final step down

JOG_ONLY_IF_RETRACT1
JOG_LOCK
JOG_UNLOCK
JOG_ONLY_IF_RETRACT2
RETRACT_MAIN_SWITCH
CONSOLID8_MAIN_SWICH
AUTO_MAIN_SWITCH
OUTPUT2_1
OUTPUT1_1
OUTPUT3_1
OUTPUT4_1
OUTPUT5_1
OUTPUT0_1
OUTPUT0_2
OUTPUT1_2
OUTPUT4_2
OUTPUT3_2
OUTPUT5_2
OUTPUT3_3
OUTPUT1_3
OUTPUT2_2
OUTPUT3_4
OUTPUT4_3
OUPUT5_3
SHEAR_SPEED
NORMAL_FORCE
FORCE_REDUCTION_VALU
CONSOLIDATION_FORCE
JOG_SPEED
SHEAR_SPEED_CONV
NORMAL_FORCE_CONV
MAX_FORCE
PID_90PERCENT_VAL
INIT_NORMAL_FORCE

Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global

Enable Jog if RETRACT selected
Allow jog to lock on in calibrate mode.
Unlock Jog when either linear actuator limit is reached
Enable Jog if RETRACT selected
Used to enable RETRACT routine rungs
Used to enable CONSOLIDATE routine rungs
Used to enable AUTO routine rungs

PID_KC_GRADIENT
PID_KC_INTERCEPT
PID_TI_GRADIENT
PID_TI_INTERCEPT
NORMAL_FORCE_X_10
PID_KC_CALC_1
PID_KC_CALC_2
PID_TI_CALC_1
PID_TI_CALC_2
NORMAL_FORCE_X_1000
RETRACT
MANUAL
CONSOLIDATE
AUTO
FORWARD_REVERSE
JOG
STEP_DOWN
RETRACT_LIMIT
EXTEND_LIMIT

Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global

VERTICAL_LOAD_CELL

Global

Calibration Mode = 1 RETRACT must be selected
Dummy coil for manual mode
Causes machine to behave as if it were just switched on
One shot for breaking the initialize coil rung
To allow push of Step Down button to start test sequence
To allow 25sec timer rung to lock on
Causes machine to behave as if it were just switched on
Causes machine to behave as if it were just switched on
To lock rung ON after 1st step Timer is DONE
To unlock rung after PID_STEP routine is finished
ONS for breaking T4:6 rung at end of PID_STEP routine

Shear Speed (mm/min)
NORMAL Force (kg)
Force Reduction Value (kg)
Consolidation Force (kg)
Jog Speed (mm/min)
Factor to convert Shear speed in mm per min to value +-32767
Factor to convert Normal Force in kg to value +-32767
Maximum Force (kg)
Prevent cylinder raising, small force is applied when auto 1st selected

Gradient of PID KC value as function of Normal Force
Intercept of mx+b linear equation for controller Proportional Gain

Normal Force x 10
Normal force x Kc gradient = (this value)
Normal force x Kc gradient + Intercept = (this value)
Normal force x Ti gradient = (this value)
Normal force x Ti gradient + Intercept = (this value)
NORMAL FORCE x 1000

0=OFF= Forward 1=ON= Reverse
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Table C.2 – Continued
Address/Symbol Database
Address
Symbol
N7:0
N7:1
N7:2
N7:3
N7:4
CALIB_PID_PV
N7:5
CALIB_PID_CV
N7:6
PID_STEP_PID_PV
N7:7
PID_STEP_PID_CV
N7:8
ABS_VAL_4_PID
N7:9
N7:10
N7:11
N7:12
N7:13
N7:14
N9:0
N9:0/1
O:0/0
TOP_PNEU_DCV
O:0/1
BOTTOM_PNEU_DCV
O:0/2
OVERALL_PNEU_DCV
O:0/3
SERVO_DRIVE_ENABLE
O:0/4
SERVO_DRIVE_FORWARD
O:0/5
SERVO_DRIVE_REVERSE
O:1.0
PNEUMATIC_REGULATOR
O:1/0
O:1.1
SERVO_DRIVE
PD9:0
PD9:0.SPS
PD10:0/EN
PD10:0.SPS O
PD10:0.KC
PD10:0.Ti
PD10:0.SE
PD11:0

Scope

Description

Global
Global
Global
Global
Global

Global
Global
Global
Global
Global
Global
Global
Global
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Appendix

D
General arrangement drawings of conveyor transfer
station used in case study
D.1 Overview

Appendix D provides drawings generated by the author of the large scale industrial
conveyor transfer station examined in Chapter 11. A general assembly of the current
transfer station is provided in Figure D.1 and details of an alternative design (Concept
A) are provided in Figure D.2.
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Figure D.1 Drawing 1.0 – General arrangement of conveyor C1/C2 transfer – original design
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Figure D.2 Drawing 2.0 – General arrangement of conveyor C1/C2 transfer – concept A
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